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Gdyby na poczatku moich studiéw na Wydziale Chemii, kto§ powiedziat mi, ze dotre

'9’

tak daleko, ze bede mogt tu stana¢ 1 powiedzie¢ ,, Tak, zrobites to!”, to po prostu bym w to nie
uwierzyt. To byta nie tylko mozliwo$¢ nauczenia si¢ wielu ciekawostek z zakresu czystej
chemii oraz poznania wielu nowych ludzi. To byto do§wiadczenie, ktore pozwolito mi inaczej
spojrze¢ na siebie oraz inaczej postrzega¢ swiat dookota siebie. To byla szkota zycia. Szkota,
w planie ktorej nie tylko byty kolejne zajecia z chemii, z j¢zyka angielskiego, czy kompetencji
mi¢kkich. Mozna powiedzie¢, ze w tle trwata ciagla walka — walka od podstaw o wyniki, walka
z systemem, walka z przeciwno$ciami losu, walka z samym sobg, i walka o wiele innych rzeczy.

Przetrwalem to! To byta niesamowita przygoda. Dzigkuje sobie za to, ze nie poddatem sie.






Chcialbym podzigkowa¢ mojej najblizszej rodzinie, moim Rodzicom, ze dali
mi mozliwos¢ ksztalcenia sig, Ze czgsto znosili moje humory, moje wybryki i Ze nieraz z moja
Siostrg wspierali nie tylko dobrym stowem. No 1 w koncu za to, ze caly czas trzymaja za mnie

kciuki 1 we mnie wierza.

Michale, Ty juz umilasz mi ponad 8 lat mieszkania w Poznaniu. To Tobie ciaggle
nawijam o moich badaniach, to Ty ciagle wysluchujesz mojego marudzenia, to Ty podnosisz
mnie na duchu, kiedy jest zle. Blisko$¢, wsparcie, dobre stowo, zrozumienie. Na Ciebie moge

liczy¢ zawsze.

Marto, znasz mnie juz od liceum. To Ty zauwazytas, ze moge by¢ co§ wart. To przy
Tobie zaczatem budowaé poczucie wiasnej wartosci. To dzicki Tobie nauczylem si¢ wielu
rzeczy, ktore zabratem ze soba na dalsze zycie. Teraz, pomimo odleglo$ci, pomimo tego, ze
ciggle nie mamy na nic czasu, dalej jesteSmy pozytywnie zwariowani, dalej utrzymujemy

kontakt i mozemy zawsze na siebie liczyc¢.

Asiu, Martyno, Weroniko — za godziny przeprowadzonych rozméw (nie tylko przy
pierozkach z Para Baru), dyskusji w sprawach naukowych i1 nienaukowych, za wzajemng

pomoc 1 wsparcie w gorszych momentach. My, doktoranci, rozumiemy si¢ najlepie;j!

Gronu moich przyjacidt, najblizszym mi osobom oraz pozostatym cztonkom mojej
rodziny, ktoérych nie jestem w stanie tu wymieni¢ — dzigkuje¢ za wiar¢ we mnie, za ,,Dasz rade!”,
za wsparcie, za budowanie we mnie przekonania, ze to, co robi¢, ma sens — bez Was nie bytoby

mnie w tym miejscu.






Szczegb6lne podzigkowania kieruje do Pani Promotor, dr hab. Elzbiety Bartoszak-
Adamskiej, prof. UAM, za przyjecie mnie do swojej grupy badawczej, za wieloletnig
wspolprace, ktorej poczatki nie byty proste, za upor w dazeniu do celu, dzigki ktoremu jestem,
tu gdzie jestem, za motywowanie do walki o samego siebie, za okazang zyczliwos¢,
cierpliwos$¢, przekazang wiedze nie tylko z zakresu krystalografii, czy tez organizacji pracy, ale

rowniez t¢, ktorg moge wykorzysta¢ w codziennym zyciu.

Pragne tez podzigkowa¢ Pani prof. dr hab. Marii Gdaniec, ktora zawsze znalazta czas,
by dzieli¢ si¢ swoja wiedza 1 wskazéwkami przy rozwigzywaniu problemow
krystalograficznych wszelkiej masci, szczegdlnie w zwigzku ze zblizniaczeniami oraz

nieporzadkami w strukturach krystalicznych, a przy okazji motywowata do dalszego dziatania.

Dr Beacie Warzajtis dzigkuje za wiar¢ i za popchnigcie do dzialania! Pozostalym
pracownikom Zaktadu Krystalografii dzickuje za stworzenie niesamowitej atmosfery

w Zaktadzie oraz za wspolne spotkania.

Podzigkowania réwniez kieruje¢ do Pani dr hab. Matgorzaty Teresy Kaczmarek, prof.
UAM, za przyjecie mnie do grona pracownikow Zespotu Laboratorium Dydaktycznego Chemii
Nieorganicznej, co pozwolilo mi na zdobycie nowych do$wiadczen, ale rOwniez poznanie
nowych ludzi, szczegdlnie Bernadety Tobis oraz Mateusza Pawlaka, ktorym dzigkuje

za okazang pomoc, wyrozumiato$¢ i mozliwos$¢ nauczenia si¢ wielu nowych rzeczy.

Dzi¢kuje rowniez Panu prof. dr hab. Arturowi Stefankiewiczowi nie tylko za wsparcie
finansowe 1 umozliwienie mi wspodtpracy z jego grupa badawcza, ale rbwniez za motywacje

do dalszego dziatania.

Rowniez dzigkuje pracownikom Zaktadu Chemii Strukturalnej Uniwersytetu
Lizbonskiego, szczeg6lnie prof. dr Marii Teresie Duarte i dr Vanii Andre, za niezwykle cieple
przyjecie mnie w swojej grupie badawczej, za mozliwo$¢ nawigzania nowych znajomosci,
zdobycia do$wiadczenia oraz pracg nad ciekawym projektem badawczym. Mam nadziejg,

ze bedziemy kontynuowac nasza wspoltprace.






Badania przedstawione w niniejszej pracy zostaty objete finansowaniem w ramach
projektu  ChemlInter (POWR.03.02.00-00-1026/16) wspoHinansowanym przez Uni¢
Europejska ze s$rodkéw Europejskiego Funduszu Spotecznego w ramach Programu

Operacyjnego Wiedza Edukacja Rozwdj.

Fundusze Bty UniwersTET . .
Europejskie B4 IM. ADAMA MICKIEWICZA furo U‘“;‘aF E;l rosl,)l:tjska

. ) W POZNANIU pejski Fundusz Spoteczny
Wiedza Edukacja Rozwdj uAM

Cze$¢ badan przedstawionych w rozprawie byta rowniez sfinansowana ze $rodkow

Narodowego Centrum Nauki w ramach projektu PRELUDIUM 20 (2021/41/N/ST5/00503).

m NARODOWE CENTRUM NAUKI
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Curriculum vitae

Dane personalne

Imig i nazwisko: Mateusz Gotdyn

Tytut naukowy: magister

Data i miejsce urodzenia: 05.07.1992, Ostrow Wielkopolski

Email: mateusz.goldyn@amu.edu.pl

Przebieg wyksztalcenia

2017 -2023
2015 -2017
2012 -2015

Studia  doktoranckie @~ w  ramach  migdzynarodowego  projektu
ChemlInter - wysokiej jako$ci miedzynarodowego i interdyscyplinarnego
programu studiéw doktoranckich realizowanego na Wydziale Chemii UAM
w Poznaniu

Praca doktorska pt. ,,Kokrysztaty alkaloidow purynowych — teobrominy,
teofiliny oraz kofeiny” wykonana w Zaktadzie Krystalografii pod opieka
dr hab. Elzbiety Bartoszak-Adamskiej, prof. UAM

Studia magisterskie na Wydziale Chemii UAM w Poznaniu
Specjalnos¢: chemia ogolna

Praca magisterska pt. ,,Badania strukturalne erytrytolu i ksylitolu” wykonana
w Zakladzie Krystalografii pod opieka dr hab. Elzbiety Bartoszak-
Adamskiej

Studia licencjackie na Wydziale Chemii UAM w Poznaniu
Specjalnos¢: chemia ogolna

Praca licencjacka pt. ,Alternatywna droga syntezy monomeru
a-(difluorometylo)styrenowego” wykonana w Zaktadzie Syntezy i Struktury
Zwiagzkéw Organicznych pod opieka prof. dr hab. Henryka Koroniaka oraz
dr hab. Justyny Walkowiak-Kulikowskiej
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Dorobek naukowy

Wykaz powigzanych tematycznie publikacji, opublikowanych w czasopismach JCR,
wchodzgcych w skitad rozprawy doktorskiej

Al. M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Theobromine cocrystals
with monohydroxybenzoic acids — synthesis, X-ray structural analysis, solubility and thermal

properties
CrystEngComm, 21 (38), 2019, 5721-5732

https://doi.org/10.1039/C9CE01020C

IF2021 =3.756, MNiSW = 100
Udzial procentowy doktoranta: 75%

Moj udziat w pracy Al obejmowal opracowanie koncepcji pracy, zaplanowanie syntez
kokrysztatow, przeprowadzenie pomiaréw rentgenowskich oraz charakterystyke strukturalng
otrzymanych uktadow, interpretacj¢ i dyskusje otrzymanych wynikow, przeglad literaturowy,
przygotowanie 1 opracowanie manuskryptu wilacznie z czg$cig graficzng pracy oraz
zdeponowanie danych w bazie krystalograficznej CSD. Bylem osoba odpowiedzialng
za korespondencj¢ z edytorem oraz wprowadzenie poprawek do manuskryptu zgodnie

z uwagami recenzentéw. Jestem autorem do korespondenc;ji.

Udziat procentowy pozostalych autorow: Daria Larowska (15%), Weronika Nowak (5%),

Elzbieta Bartoszak-Adamska (5%).

Otwarty dostep do publikacji (Open Access) zostal sfinansowany ze S$rodkéw projektu
ChemlInter nr POWR.03.02.00-00-1026/16 realizowanego w ramach Programu Operacyjnego
Wiedza, Edukacja, Rozwd;.

A2. M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Synthon hierarchy

in theobromine cocrystals with hydroxybenzoic acids as coformers
CrystEngComm, 21 (48), 2019, 7373-7388

https://doi.org/10.1039/C9CE01195A

IF2021=3.756, MNiSW = 100

Udzial procentowy doktoranta: 70%
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Moj udziat w pracy A2 obejmowal opracowanie koncepcji pracy, zaprojektowanie syntez
komplekséw molekularnych, wykonanie pomiaréw rentgenowskich razem z charakterystyka
strukturalng otrzymanych ukladow, interpretacj¢ i dyskusj¢ otrzymanych wynikow, zebranie
cytowanej literatury, przygotowanie i opracowanie zaréwno czesci graficznej oraz literaturowe;j
oraz zdeponowanie danych w bazie krystalograficznej CSD. Bylem osoba odpowiedzialng
za korespondencj¢ z edytorem oraz korekte manuskryptu zgodnie z uwagami recenzentow.

Jestem autorem do korespondenc;ji.

Udziat procentowy pozostatych autorow: Daria Larowska (10%), Weronika Nowak (10%),
Elzbieta Bartoszak-Adamska (10%).

Otwarty dostep do publikacji (Open Access) zostal sfinansowany ze S$rodkéw projektu
ChemInter nr POWR.03.02.00-00-1026/16 realizowanego w ramach Programu Operacyjnego
Wiedza, Edukacja, Rozwd;.

A3. M. Goldyn*, D. Larowska, E. Bartoszak-Adamska, Novel purine alkaloid cocrystals with

trimesic and hemimellitic acids as coformers: synthetic approach and supramolecular analysis
Crystal Growth & Design, 21 (1), 2021, 396-413

https://pubs.acs.org/doi/pdf/10.1021/acs.ced.0c01242

IF2021=4.010, MNiSW = 100
Udzial procentowy doktoranta: 85%

Moj udzial w pracy A3 obejmowal opracowanie koncepcji pracy, zaprojektowanie
1 przeprowadzenie syntez kompleksow molekularnych, wykonanie pomiaréw rentgenowskich
razem z charakterystyka strukturalng otrzymanych uktadow, interpretacje i dyskusje
otrzymanych wynikow, przeglad literaturowy, przygotowanie i1 korekte manuskryptu,
opracowanie czesci graficznej oraz zdeponowanie danych do opisanych struktur w bazie
krystalograficznej CSD. Bylem odpowiedzialny za korespondencj¢ z edytorem oraz korekte

publikacji zgodnie z uwagami recenzentow. Jestem autorem do korespondencji.

Udziat procentowy pozostatych autoréw: Daria Larowska (5%), Elzbieta Bartoszak-Adamska

(10%).

Otwarty dostep do publikacji (Open Access) zostal sfinansowany ze S$rodkéw projektu
ChemInter nr POWR.03.02.00-00-1026/16 realizowanego w ramach Programu Operacyjnego
Wiedza, Edukacja, Rozwd;.
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https://pubs.acs.org/doi/pdf/10.1021/acs.cgd.0c01242

A4. M. Goldyn*, A. Komasa, M. Pawlaczyk, A. Lewandowska, E. Bartoszak-Adamska, Salts
of purine alkaloids caffeine and theobromine with 2,6-dihydroxybenzoic acid as coformer:

structural, theoretical, thermal and spectroscopic studies
Acta Crystallographica Section C: Structural Chemistry, 77, 2021, 713-724

https://scripts.iucr.org/cgi-bin/paper?S2053229621010883

IF2021 = 1.184, MNiSW = 140
Udziat procentowy doktoranta: 70%

Moj udziat w pracy A4 obejmowal opracowanie koncepcji i koordynacj¢ przebiegu pracy,
zaprojektowanie i1 przeprowadzenie kokrystalizacji metodg roztworowa, mechanochemiczng
oraz z wykorzystaniem mikrofal, wykonanie pomiarow rentgenowskich razem
z charakterystyka strukturalng otrzymanych uktadéw, interpretacje i dyskusje otrzymanych
wynikéw, przygotowanie i korekte manuskryptu wraz z czg$cig graficzng, zdeponowanie
danych w bazie krystalograficznej CSD. Bytem odpowiedzialny za korespondencj¢ z edytorem
oraz wprowadzenie poprawek do manuskryptu zgodnie z zaleceniami recenzentéw. Jestem

autorem do korespondenc;ji.

Udziat procentowy pozostatych autoréw: Anna Komasa (15%), Mateusz Pawlaczyk (5%),

Aneta Lewandowska (5%), E. Bartoszak-Adamska (5%).

15


https://scripts.iucr.org/cgi-bin/paper?S2053229621010883

Wykaz publikacji niewchodzqcych w sktad rozprawy doktorskiej

AS. M. Jedraszak, A. Komasa, M. Goldyn, E. Bartoszak-Adamska, X-ray, spectroscopic and
DFT studies of tetrabromozincate(ll) gemini 3-hydroxypyridinium salt

The Book of Articles, National Scientific Conference “Knowledge — Key to Success” V edition,
2021, 41-49

https://promovendi.pl/wp-content/uploads/2021/04/The-Book-of-Articles-National-Scientific-
Conferences-ISBN-978-83-961157-0-6.pdf

A6. A. Brzechwa-Chodzynska, M. Goldyn, A. Walczak, J. M. Harrowfield, A. Stefankiewicz,
Hydrogen bonding directed self-assembly of a binuclear Ag(l) metallacycle into

a 1D supramolecular polymer
Molecules, 26 (18), 2021, 5719

https://www.mdpi.com/1420-3049/26/18/5719

IF2021 = 4.927, MNiSW = 100

A7. A. Komasa, E. Bartoszak-Adamska, Z. Dega-Szafran, M. Goldyn, M. Szafran, 4 new
diastereomeric type of N-morpholino-spiro derivative. Structural, spectroscopic and

computational studies
Journal of Molecular Structure, 1232, 2021, 130018

https://doi.org/10.1016/j.molstruc.2021.130018

IF2021=3.841, MNiSW =70

A8. A. Komasa, K. Babijczuk, Z. Dega-Szafran, M. Goldyn, E. Bartoszak-Adamska,
M. Szafran, G. Cofta, Interactions of pyridoxine (Vitamin B6) with squaric acid and water.

Experimental and theoretical studies
Journal of Molecular Structure, 1251, 2022, 131773

https://doi.org/10.1016/;.molstruc.2021.131773

IF2021=3.841, MNiSW =70

A9. K. Salamon-Krokosz, M. Goldyn, T. Siodla, E. Bartoszak-Adamska, H. Koroniak,
K. Koroniak-Szejn, Fluorinated Olefinic Lactams: The Case of Amino Acids — Preparation and
Mechanistic Studies
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Synthesis, 54, 2022, 3785-3792

https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-0041-1737346

IF2021 = 2.969, MNiSW = 70

A10. G. Kurpik, A. Walczak, M. Goldyn, J. Harrowfield, A. R. Stefankiewicz,
Pd(l) Complexes with Pyridine Ligands: Substituent Effects on the NMR Data, Crystal

Structures, and Catalytic Activity
Inorganic Chemistry, 61, 2022, 14019-14029

https://doi.org/10.1021/acs.inorgchem.2¢01996

IF2021 = 5.436, MNiSW = 140

All. M. Goldyn*, J. Skowronek, A. Komasa, E. Bartoszak-Adamska, A. Lewandowska,
Z. Dega-Szafran, G. Cofta, Synthesis and structural characteristics of pyridine carboxylic

acids adducts with squaric acid
CrystEngComm, 24, 2022, 7821-7832

https://doi.org/10.1039/D2CE00760F

IF2021=3.756, MNiSW = 100
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Analiza bibliometryczna

Sumaryczny IF2021 publikacji wchodzacych w sktad rozprawy: 12,706

Sumaryczna liczba punktow MNiSW publikacji wchodzacych w sktad rozprawy: 440
Sumaryczny [F2021: 37,476

Sumaryczna liczba punktow MNiSW: 990

Sredni IF: 3,407

Liczba cytowan (baza Scopus): 28 (22 bez autocytowan)

Indeks Hirscha: 3
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Konferencje naukowe

Wystgpienia w formie komunikatow ustnych

1.

Nazwa konferencji: 64 Zjazd Naukowy Polskiego Towarzystwa Chemicznego

Data i miejsce konferencji: 11 — 16 X 2022, Lublin

Zasigg: krajowa

Tytul komunikatu: Synteza, struktura i1 badania wysokorozdzielcze kokrysztatow
teobrominy 1 teofiliny z kwasem benzeno-1,2,4,5-tetrakarboksylowym

Autorzy: M. Goldyn, M. Kubicki, E. Bartoszak-Adamska

Wystgpienia w formie komunikatow posterowych

1.

Nazwa konferencji: 64 Konwersatorium Krystalograficzne

Data i miejsce konferencji: 6-7 XII 2023, Wroctaw

Zasieg: krajowa

Tytut komunikatu: New adducts of vitamin B6 with aliphatic dicarboxylic acid

Autorzy: M. Goldyn, W. Nowak, E. Bartoszak-Adamska, A. Komasa, K. Babijczuk,
W. Pielach, Z. Dega-Szafran, D. Larowska-Zarych

Nazwa konferencji: Zjazd Zimowy Sekcji Mtodych Polskiego Towarzystwa Chemicznego
Data i miejsce konferencji: 10 XII 2022, Opole

Zasigg: krajowa

Tytul komunikatu: Kontrolowana synteza oraz analiza strukturalna form I i II soli
acyklowiru z kwasem 2,6-dihydroksybenzoesowym

Autorzy: M. Goldyn, W. Nowak, K. Frackowiak, A. Lewandowska, E. Bartoszak-Adamska

3. Nazwa konferencji: 7 European Crystallographic School

Data i miejsce konferencji: 10 — 15 VII 2022, Lizbona
Zasieg: miedzynarodowa
Tytut komunikatu: Synthetic approach and structural studies of purine alkaloid complexes
with 2,6-dihydroxybenzoic acid as a coformer
Autorzy: M. Goldyn, W. Nowak, E. Bartoszak-Adamska
Nazwa Konferencji: 63 Konwersatorium Krystalograficzne
Data i miejsce konferencji: 29 VI— 1 VII 2022, edycja online
Zasigg: krajowa
e Tytul komunikatu: Squaric acid complexes with pyridine carboxylic acid isomers —
X-ray, thermal and theoretical studies
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Autorzy: M. Goldyn, J. Skowronek, E. Bartoszak-Adamska, A. Komasa.
A. Lewandowska, Z. Dega-Szafran
e Tytul komunikatu: Synthesis and structural analysis of new salts of acyclovir with
2,6-dihydroxybenzoic acid
Autorzy: W. Nowak, M. Goldyn, E. Bartoszak-Adamska
5. Nazwa Konferencji: XXV General Assembly and Congress of the International Union
of Crystallography
Data i miejsce konferencji: 14 — 22 VIII 2021, Praga (forma online)
Zasigg: migdzynarodowa
Tytut komunikatu: Synthesis and supramolecular analysis of novel purine alkaloid
cocrystals with trimesic and hemimellitic acids
Autorzy: M. Goldyn, D. Larowska, E. Bartoszak-Adamska, W. Nowak
6. Nazwa Konferencji: 62 Konwersatorium Krystalograficzne
Data i miejsce konferencji: 24 — 25 V12021, edycja online
Zasieg: krajowa
Tytul komunikatu: Structural and computational studies of a new diastereomeric type
of N-morpholino-spiro derivative
Autorzy: M. Goldyn, W. Nowak, E. Bartoszak-Adamska, A. Komasa, Z. Dega-Szafran
7. Nazwa Konferencji: National Scientific Conference “e-Factory of Science” V edition
Data i miejsce konferencji: 10 IV 2021 (edycja online)
Zasigg: krajowa
e Tytul komunikatu: Structural, spectroscopic and theoretical studies of adduct
of pyridoxine with squaric acid and water
Autorzy: K. Babijczuk, A. Komasa, Z. Dega-Szafran, M. Goldyn, E. Bartoszak-
Adamska, M. Szafran, G. Cofta
e Tytul komunikatu: Spectroscopic and structural studies of monobetaine
1,3-bis(3-hydroxypyridinium)propane bromide
Autorzy: M. Jedraszak, A. Komasa, M. Goldyn, E. Bartoszak-Adamska
8. Nazwa konferencji: Joint Polish-German Crystallographic Meeting (JPGCM)
Data i miejsce konferencji: 23 — 27 11 2020, Wroctaw
Zasigg: migdzynarodowa
Tytul komunikatu: Purine alkaloid systems with 2,6-dihydroxybenzoic acid as a coformer
— X-ray structural analysis and solubility studies
Autorzy: M. Goldyn, M. Pawlaczyk, E. Bartoszak-Adamska
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9.

10.

11.

12.

Nazwa konferencji: 1% International Conferences on Noncovalent Interactions (ICNI-2019)

Data i miejsce konferencji: 2 — 6 IX 2019, Lizbona

Zasigg: migdzynarodowa

Tytut komunikatu: Hydrogen bonds hierarchy in theobromine cocrystals with

hydroxybenzoic acids

Autorzy: M. Goldyn, W. Nowak, E. Bartoszak-Adamska

Nazwa konferencji: 61 Konwersatorium Krystalograficzne

Data i miejsce konferencji: 26 — 28 V12019, Wroctaw

Zasieg: krajowa

e Tytul komunikatu: Architektura wigzan wodorowych w kokrysztalach teobrominy
z pochodnymi hydroksylowymi kwasu benzoesowego
Autorzy: M. Goldyn, W. Nowak, E. Bartoszak-Adamska
e Tytul komunikatu: Rentgenowska analiza strukturalna kokrysztatow wybranych

alkaloidow purynowych z kwasem 1,3,5-benzenotrikarboksylowym
Autorzy: A. Niedzwiedzka, M. Goldyn, E. Bartoszak-Adamska

Nazwa konferencji: 60 Konwersatorium Krystalograficzne

Data i miejsce konferencji: 27 — 29 VI 2018, Wroctaw

Zasigg: krajowa

Tytut komunikatu: Badania strukturalne formy a-D-sorbitolu w zakresie temperaturowym

od 100 do 291,5 K

Autorzy: M. Goldyn, N. Skwiot, E. Bartoszak-Adamska

Nazwa konferencji: 59 Konwersatorium Krystalograficzne

Data i miejsce konferencji: 28 — 30 VI 2017, Wroctaw

Zasieg: krajowa

Tytut komunikatu: Badania strukturalne erytrytolu w zakresie temperaturowym od 100

do 300 K

Autorzy: M. Goldyn, E. Bartoszak-Adamska

Inne wystgpienia

Wyktad na zaproszenie

Data i miejsce wystgpienia: 26 V 2023, Katedra Chemii Fizycznej, Wydziat Chemii,
Uniwersytet Lodzki

Tytul komunikatu: Synthesis, structure and high-resolution X-ray studies of purine

alkaloids cocrystals with benzene-1,2,4,5-tetracarboxylic acid as a coformer
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Staze naukowe

31.01.2023 — 30.04.2023

7.11.2022 - 18.11.2022

Chemical Engineering Department, Institutio Superior

Técnico, Universidade de Lisboa, Lisbon, Portugal

Staz naukowy sfinansowany ze §rodkoéw projektu Chemlnter

nr POWR.03.02.00-00-1026/16

Wykorzystanie technik mechanochemicznych do otrzymywania
kokrysztaléw farmaceutycznych oraz ich charakterystyka
z wykorzystaniem technik dyfrakcyjnych, tj. metod dyfrakcji

proszkowej oraz monokrystalicznej
Opiekun stazu: prof. dr Teresa Duarte

Laboratoire de Cristallographie, Résonance Magnétique
et Modélisations, Faculté des Sciences et Technologies,

Université de Lorraine, Nancy, France

Wyjazd studyjny sfinansowany w ramach programu Polonium

(NAWA) nr PPN/BFR/2020/1/00016

Szkolenia z zakresu wysokorozdzielczej krystalografii

rentgenowskiej (oprogramowanie MoPro)

Opiekun stazu: prof. dr Benoit Guillot

Realizowane projekty badawcze

1. Projekt badawczy nr 2021/41/N/STS5/00503 finansowany w ramach konkursu
PRELUDIUM-20 przez Narodowe Centrum Nauki

Tytul projektu: Zastosowanie promieniowania mikrofalowego do otrzymywania

nowych kokrysztatow wybranych alkaloidow purynowych

Wysokos$¢ finansowania: 139 476 PLN

Funkcja: Kierownik projektu

Okres realizacji: 03.2022 — 02.2024
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2. Projekt badawczy nr 017/02/SNS/0005 finansowany w ramach projektu ,.Inicjatywa
Doskonatosci — Uczelnia Badawcza” przez Uniwersytet im. Adama Mickiewicza
w Poznaniu
Tytut projektu: Otrzymywanie, rentgenowska analiza strukturalna oraz charakterystyka
nowych kokrysztatow farmaceutycznych wybranych alkaloidow purynowych
Wysokos¢ finansowania: 14 540 PLN
Funkcja: Kierownik projektu

Okres realizacji: 10.2021 — 10.2022

Pelnione funkcje

16.10.2021 —trwa  Laboratorium Dydaktyczne Chemii Nieorganicznej, Wydzial
Chemii UAM

Zatrudnienie na stanowisku inzynieryjno-technicznym (laborant),

zatrudnienie w pelnym wymiarze czasu pracy

10.2018 — 06.2023  Czlonek Uczelnianej Komisji Stypendialnej ds. doktoranckich
na Wydziale Chemii UAM

Rozpatrywanie oraz opiniowanie wnioskéw o stypendia socjalne,

rektora, dla 0s6b niepetnosprawnych oraz o zapomogi dla doktorantow

Szkolenia

Uczestnictwo w Warsztatach Naukowych Polskiego Towarzystwa Krystalograficznego

,Dyfraktometria proszkowa” (29 VI2022)

Certyfikat uczestnictwa i zaliczenia egzaminu w ramach Rigaku School for Practical

Crystallography (10 — 21 12022)

Certyfikat uczestnictwa w warsztatach CrysAlisPro 41 / Olex2 1.3 — oméwienie i prezentacja
najnowszych funkcji w aktualnych wersjach oprogramowania organizowanych zdalnie przez

Rigaku Europe SE (23 V12021)

Certyfikat uczestnictwa (25 V 2018) w Warsztatach Dydaktycznych UAM , Efektywna
komunikacja. Jak rozmawia¢ ze studentami na zajeciach, aby dzigki tym dyskusjom uczyli si¢?”

oraz ,,Prezentacja jako forma zaliczenia zaj¢¢”
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Nagrody i inne osiggnigcia naukowe

Zwigkszenie stypendium doktoranckiego z dotacji projakosciowej w roku akademickim

2022/2023

Opieka nad magistrantami (organizacja pracy w laboratorium, szkolenia z zakresu prowadzenia
pomiardw rentgenowskich na monokrysztatach oraz ze stosowania specjalistycznego
oprogramowania do obrobki danych, dyskusja wynikow oraz nadzorowanie prac zwigzanych

z przygotowaniem prac dyplomowych)

Laureat Stypendium Rektora UAM dla najlepszych doktorantow — w latach 2019/2020 oraz
2021/2022

Laureat Stypendium programu ,,Chemlnter - wysokiej jakosci miedzynarodowy
i interdyscyplinarny program studiow doktoranckich realizowany na Wydziale Chemii

Uniwersytetu im. Adama Mickiewicza w Poznaniu” w latach 2017-2021

Dyplom ukonczenia studiow II stopnia z wyrdznieniem MAXIMA CUM LAUDE

dla najlepszych absolwentow

Laureat Stypendium Rektora UAM dla najlepszych studentéw — w latach 2013/2014
(IIT stopnia), 2016/2017 (III stopnia)

Laureat Stypendium Motywacyjnego w ramach projektu PO KL Warto poczu¢ chemie¢ —
zwiekszenie liczby absolwentow kierunku chemia na UAM w Poznaniu — w latach 2012/2013,

2013/2014 oraz 2014/2015
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Streszczenie

Celem niniejszej pracy byto wykorzystanie okre§lonych zwigzkow z grupy alkaloidéw
purynowych i przeprowadzenie kokrystalizacji z odpowiednio dobranymi kwasowymi
koformerami prowadzacych do otrzymania wielosktadnikowych komplekséw molekularnych
oraz jonowych. Do otrzymania tego typu uktadow wykorzystano zaréwno technike powolnego
odparowania roztworu, jak i mielenie prowadzone za pomoca mtyna kulowego. Zastosowanie
1 ukazanie zalet metod mechanochemicznych byto jednym z zatozen realizowanych projektow
badawczych, poniewaz pozwalaja one szybko otrzymac pozadany produkt przy peinej
konwersji substratow. Oprocz tego, w stosunku do konwencjonalnej metody kokrystalizacji
z roztworu, technika ta nie wymaga stosowania duzej ilo$ci rozpuszczalnika i cechuje si¢
wysoka selektywnoscig. Opisane uktady zostaly scharakteryzowane strukturalnie pod katem
wystepowania poszczegdlnych podjednostek (syntondéw) supramolekularnych. Badania
spektroskopowe UV-vis pozwolity ustali¢ wpltyw kokrystalizacji na rozpuszczalnos$é
alkaloidow purynowych w wodzie, a badania TGA oraz DSC na okreslenie stabilno$ci
termicznej zsyntetyzowanych uktadow.

Niniejsza praca doktorska pokazuje, jak wazne jest projektowanie kokrysztatow
poprzez wlasciwy dobor substancji gltownej oraz koformera, ale réwniez opracowanie
odpowiednich warunkéw celem skutecznego wigzania si¢ molekul w wigksze agregaty
supramolekularne o unikalnych wlasciwosciach fizykochemicznych. Rezultaty prowadzonych
badan zostaty przedstawione w 4 publikacjach naukowych (A1-A4). Prowadzone badania
mozna skategoryzowac¢ tematycznie na dwa zagadnienia gtowne.

W  publikacjach Al oraz A2 skupiono si¢ na otrzymywaniu ukladow
wielosktadnikowych zawierajacych w swojej strukturze teobroming. Wybrany alkaloid,
znajdujacy si¢ przede wszystkim w ziarnach kakaowca, jest stabo rozpuszczalny w wodzie.
Proces kokrystalizacji moze wptyna¢ na poprawe lub pogorszenie tej wlasciwosci. W badaniach
wykorzystano kwasy mono- (praca Al) oraz dihydroksybenzoesowe (praca A2) jako
koformery. W ramach kokrystalizacji prowadzonych z roztworu oraz w ciele statym otrzymano
9 pochodnych tego alkaloidu. Dodatkowo, w pracy (A4) opublikowano dwa uktady, z czego
jednym z nich jest teobromina — kwas 2,6-dihydroksybenzoesowy, otrzymany podczas
pozniejszych eksperymentow. Dla ukladow bezwodnych mielenie prowadzono bez
rozpuszczalnika, natomiast dla hydratow mielenie prowadzono z dodatkiem niewielkiej ilo$ci
wody. Syntezy mechanochemiczne prowadzono w czasie od 30 do 45 minut. Za pomocg analiz

proszkowych wykazano praktycznie petng konwersje substratéw. Monokrysztaly otrzymane
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na drodze powolnego odparowania roztworu poddano pomiarom rentgenowskim celem
wyznaczenia ich struktury krystalicznej. Pozwolito to rowniez na analiz¢ supramolekularng pod
katem wystgpowania okre§lonych motywoéw supramolekularnych w uktadach teobromina —
kwas karboksylowy oraz na poréwnanie uzyskanych wynikow ze strukturami zdeponowanymi
juz w bazie Cambridge Structural Database.

Kolejny projekt zaktadal otrzymanie kokrysztatéw teobrominy, teofiliny oraz kofeiny
z wykorzystaniem kwasow 1,2,3- oraz 1,3,5-benzenotrikarboksylowych. Rezultaty tych badan
zostaly zaprezentowane w artykule naukowym A3. Zaprojektowane eksperymenty pozwolity
na uzyskanie pieciu kokrysztatow, dwoch hydratow kokrysztatow oraz jednego hydratu soli.
Pomiary proszkowe potwierdzily powstanie kompleksow molekularnych na drodze reakcji
mechanochemicznych. Mielenia prowadzono w czasie 30 minut na sucho lub w obecnosci
niewielkiej iloSci rozpuszczalnika. Na podstawie struktur krystalicznych motywy
supramolekularne podzielono na 3 podgrupy: homosyntony alkaloid — alkaloid i kwas
karboksylowy — kwas karboksylowy, oraz heterosyntony alkaloid — kwas karboksylowy.
Omowiono roéwniez syntony z udzialem czasteczki wody. Czgsto§¢ wystgpowania danych
motywow supramolekularnych zostata okreslona na podstawie analizy struktury krysztatow,
zawierajacych alkaloid z kwasem karboksylowym, zdeponowanych w bazie CSD.

Powyzsze badania ukazuja, ze projektowanie kokrysztalow oparte na zasadach
inzynierii krystalicznej poprzez dopasowanie odpowiednich syntondw supramolekularnych nie
jest zadaniem prostym. Tak niewielkie réznice w budowie alkaloidow purynowych (liczba oraz
pozycja grup metylowych) czy w potozeniu donorowo-akceptorowych grup funkcyjnych
w czasteczkach pochodnych kwasu benzoesowego wplywaja na ogromng réznorodnosé
w wystepowaniu i tworzeniu si¢ okre§lonych motywow supramolekularnych. Otrzymywanie
takich uktadow wielosktadnikowych nie tylko wptywa na powigkszenie biblioteki tego typu
zwigzkow, ale przyczynia si¢ do lepszego zrozumienia procesOw samoasocjacji czasteczek
zawierajagcych rozne grupy funkcyjne poprzez okreSlenie czestosci wystgpowania oraz
hierarchii motywow supramolekularnych. To z kolei w przyszto$ci pozwoli na lepsza kontrolg
wlasciwosci fizykochemicznych nowo projektowanych substancji ztozonych z dwoch

lub wiecej komponentow.
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Abstract

This work aimed to use selected compounds from the purine alkaloids group and
to carry out cocrystallization with appropriately selected acidic coformers to obtain multi-
component molecular and ionic complexes. Slow evaporation of the solution and grinding
of substrates with a ball mill was used to obtain these adducts. The application and
demonstration of the advantages of mechanochemical methods were one of the assumptions
of the present project. On the one hand, they allow us to quickly obtain the desired products
with the complete conversion of substrates. In addition, compared to the conventional method
of solution cocrystallization, this technique does not require a large amount of solvent
and is characterized by high selectivity. The described systems have been structurally
characterized in terms of the presence of individual supramolecular units (synthons). UV-vis
spectroscopic studies allowed defining of the effect of cocrystallization on the solubility
of purine alkaloids in water. TGA and DSC studies showed high thermal stability
of the synthesized systems.

This doctoral dissertation shows how important it is to design cocrystals through the
proper selection of the main substance and coformer and to develop appropriate conditions
for the effective binding of molecules into larger supramolecular aggregates with unique
physicochemical properties. The research results were presented in four publications (A1-A4).
The conducted research can be categorized thematically into two main issues.

Scientific articles Al and A2 focused on multi-component systems preparation
containing theobromine. The selected alkaloid, found primarily in cocoa beans, is poorly
soluble in water. The cocrystallization process can improve or deteriorate this property. Mono-
(paper A1) and dihydroxybenzoic acids (paper A2) were used as coformers. Nine derivatives
of this alkaloid were obtained by slow evaporation from the solution or by cogrinding.
In addition, one ionic theobromine complex obtained during later experiments, which
is theobromine - 2,6-dihydroxybenzoic acid, was published in the A4 work. Millings were
carried out without solvent for anhydrous systems, while for hydrates, experiments were carried
out with the addition of a small amount of water. Mechanochemical syntheses were carried out
in 30 to 45 minutes. The practically complete conversion of the substrates was confirmed
by the powder X-ray diffraction technique. Single crystals obtained by slow evaporation of the
solution were subjected to X-ray measurements. It allowed for determining their crystal

structure, supramolecular analysis in terms of the presence of specific supramolecular motifs
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in theobromine-carboxylic acid systems and comparison of the obtained results to the structures
already deposited at the Cambridge Structural Database (CSD).

The next project aimed to obtain theobromine, theophylline and caffeine multi-
component systems using 1,2,3- and 1,3,5-benzenetricarboxylic acids. The results of these
studies were presented in the A3 article. Five cocrystals, two cocrystal hydrates and one salt
hydrate were identified and described. Powder measurements confirmed the formation
of molecular complexes by mechanochemical reactions. Neat or liquid-assisted grindings were
carried out for 30 minutes. Based on the proposed crystal structures, the observed
supramolecular motifs were divided into 3 subgroups: alkaloid-alkaloid and carboxylic acid-
carboxylic acid homosynthons, and alkaloid-carboxylic acid heterosynthons. Synthons
involving a water molecule are also discussed. The frequency of occurrence of individual
supramolecular motifs was specified based on the analysis of alkaloid-carboxylic acid
structures deposited at the CSD base.

The above studies show that the design of cocrystals based on crystal engineering
principles by matching the appropriate supramolecular synthons is not a simple task. Small
differences in the structure of purine alkaloids (number and position of methyl groups) or the
position of donor-acceptor functional groups in the molecules of benzoic acid derivatives result
in a great diversity in the occurrence and formation of specific supramolecular motifs.
Obtaining such multi-component systems not only increases the library of this type
of compound but also contributes to a better understanding of the self-association processes
of molecules containing various functional groups by determining the frequency of occurrence
of various supramolecular motifs. This, in turn, will allow for better control of the
physicochemical properties of newly designed substances composed of two or more

components.
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Wykaz stosowanych w pracy skrotow

FDA / USFDA (z ang. U. S. Food and Drug Administration) — Agencja Zywnosci i Lekow
EMA (z ang. European Medicines Agency) — Europejska Agencja Lekow

API (z ang. Active Pharmaceutical Ingredient) — aktywny sktadnik farmaceutyczny

GRAS (z ang. Generally Recognized as Safe) — ogdlnie uznawany za bezpieczny

BCS (z ang. Biopharmaceutical Classification System) — System Klasyfikacji
Biofarmaceutyczne;j

TBR — teobromina

TPH - teofilina

CAF — kofeina

EAFUS (z ang. Everything Added to Foods in United States) — “wszystkie dodatki”
do zywnosci stosowane na terenie Stanow Zjednoczonych

2HBA — kwas 2-hydroksybenzoesowy / kwas salicylowy

3HBA — kwas 3-hydroksybenzoesowy

4HBA — kwas 4-hydroksybenzoesowy

23DHBA — kwas 2,3-dihydroksybenzoesowy

24DHBA - kwas 2,4-dihydroksybenzoesowy

25DHBA — kwas 2,5-dihydroksybenzoesowy / kwas gentyzynowy

26DHBA — kwas 2,6-dihydroksybenzoesowy

34DHBA — kwas 3,4-dihydroksybenzoesowy

35DHBA — kwas 3,5-dihydroksybenzoesowy

SMPT (z ang. solution-mediated phase transformation) — transformacja fazowa
za posrednictwem roztworu

CSD (z ang. Cambridge Structural Database) — krystalograficzna baza danych Cambridge
zwigzkow organicznych

345THBA — kwas 3,4,5-trihydroksybenzoesowy / kwas galusowy

DMSO - dimetylosulfotlenek

DMF — N,N-dimetyloformamid

DCM - dichlorometan / chlorek metylenu

TCM - trichlorometan / chloroform

AcOEt — octan etylu

TFA — kwas trifluorooctowy

MeNQO; — nitrometan

29



AcOH — kwas octowy

MeCN — acetonitryl

TPXRD — teoretyczny dyfraktogram proszkowy

NG — mielenie prowadzone na sucho

LAG — mielenie prowadzone z dodatkiem rozpuszczalnika

HMLA - kwas benzeno-1,2,3-trikarboksylowy / kwas hemimelitowy
TMSA — kwas benzeno-1,3,5-trikarboksylowy / kwas trimezynowy
TGA — termograwimetria

DTG — termograwimetria r6znicowa

DSC — réznicowa kalorymetria skaningowa

Ttop — temperatura topnienia
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Cel pracy

Glownym celem niniejszej pracy byla synteza wielosktadnikowych uktadow
zawierajacych alkaloidy purynowe (teobromina, teofilina, kofeina), analiza syntonowa oraz
okreslenie wptywu kokrystalizacji na takie wtasciwosci fizykochemiczne, jak rozpuszczalno$¢
w wodzie oraz trwatos$¢ termiczna. Realizacja projektu byla podzielona na kilka etapéw zadan

badawczych.

El. Przeglad literaturowy oraz analiza bazy krystalograficznej CSD pod katem stosowanych

juz koformerow do kokrystalizacji alkaloidow purynowych.

E2. Zaprojektowanie kokrysztalow poprzez dobdr wiasciwych koformerow — pochodnych

kwasu benzoesowego.

E3. Opracowanie warunkow otrzymywania kokrysztaléw na drodze kokrystalizacji z roztworu

celem otrzymania dobrej jako$ci monokrysztatow do badan rentgenowskich.
E4. Rentgenowska analiza strukturalna krysztaléw uzyskanych metodg opisang w etapie E3.

ES5. Opracowanie warunkow syntezy mechanochemicznej kokrysztatow na drodze mielenia bez
lub z dodatkiem niewielkiej ilo$ci rozpuszczalnika prowadzonych z wykorzystaniem miyna

kulowego.
E6. Identyfikacja otrzymanych na drodze mielenia faz technika dyfrakcji proszkowe;j.

E7. Badanie wplywu kokrystalizacji na rozpuszczalno$¢ alkaloidéow purynowych przy
zastosowaniu analizy spektroskopowej UV-vis (wspotpraca z mgr Darig Larowska-Zarych oraz

dr. inz. Mateuszem Pawlaczykiem).

E8. Badania wlasciwosci termicznych otrzymanych kompleksow z wykorzystaniem analizy
TGA oraz metoda DSC (wspolpraca z mgr Daria Larowska-Zarych oraz mgr Aneta

Lewandowska).

Realizacja etapow E3 i E4 pozwolita na przeprowadzenie dyskusji w zakresie obserwowanych
motywow supramolekularnych i ustalenie ich hierarchii z uwzglg¢dnieniem zdeponowanych juz

struktur alkaloid — kwas karboksylowy w bazie krystalograficznej CSD.
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1. Przeglqd literaturowy

Chinon oraz hydrochinon sa skladnikami jednego z pierwszych kokrysztatow,
tzw. chinhydronu, ktéry zostat otrzymany w 1844 roku przez niemieckiego chemika Friedricha
Wohlera!. W swoim artykule nie uzyt on jednak pojecia kokrysztal, a opisywany
dwusktadnikowy kompleks zostal nazwany jako krystaliczny uktad wielosktadnikowy. Jednymi
z pierwszych publikacji, w ktorych zostata uzyta nazwa kokrysztal, byly prace Margaret
C. Etter. W tych pracach zastosowano t¢ nomenklatur¢ do opisu molekularnego kompleksu
1,3-bis(m-nitrofenylo)mocznik — N,N-difenylomocznik (1988), czy tez kokrystalicznego
uktadu kwas 4-aminobenzoesowy — kwas 3,5-dinitrobenzoesowy?>. Od tamtej pory termin
ten zaczeto powszechnie stosowa¢ w stosunku do krysztatow molekularnych, ztozonych
z dwoch substancji, ktére sg ciatami statymi w warunkach standardowych. Pojecie kokrysztatu
zaczeto uzywaé do szerszej grupy zwiazkoéw, stad zaistniata konieczno$¢ uscislenia jego
definicji, co do dnia dzisiejszego jest przedmiotem debat naukowcow na catym $wiecie*®.
Jedng z wielu prob klasyfikacji stanowi publikacja z 2012 roku, bedaca podsumowaniem debaty
46 naukowcow. W niniejszej pracy kokrysztaly zdefiniowano jako state, jednofazowe
materiaty, ztozone z dwoch lub wigcej roznych czasteczek o charakterze molekularnym i/lub
jonowym w odpowiednim stosunku stechiometrycznym, z wylaczeniem solwatow oraz
prostych soli®>’. Powyzsze opracowanie stanowilo dobry punkt wyjscia do uscislenia definicji
uktadow wielosktadnikowych, co tez zostato opisane przez René de Geldera i in. w 2016 roku®.
Uktady te zdefiniowano jako krysztaly, w ktorych sieci krystalicznej obserwuje si¢ kombinacje
dwoch lub wigcej r6znych mediow - koformera, jonu, czy tez rozpuszczalnika. Na tej podstawie
wyrozniono trzy grupy gtowne, tj. solwat, s6l 1 kokrysztal, oraz 4 podgrupy, stanowiace
kombinacje grup gtownych, tj. solwat kokrysztatu, solwat soli, kokrysztal soli oraz solwat
kokrysztalu soli (Rys. 1). Niniejsza klasyfikacj¢ zastosowano w czesci eksperymentalnej
do opisu otrzymanych uktadéw alkaloidéw purynowych.

Otrzymywanie oraz projektowanie wyzej wymienionych uktadow stanowi wazng cze$¢
chemii supramolekularnej, ktéra zajmuje si¢ w duzej mierze wyjasnieniem procesOw
samoorganizacji pojedynczych czasteczek poprzez oddziatywania niekowalencyjne w wigksze

agregaty supramolekularne, tzw. supermolekuty®!°

. Powyzsze stanowi istote inzynierii
krystalicznej, zdefiniowanej przez Gautama Desiraju w 1989 jako zrozumienie interakcji
miedzyczasteczkowych celem skutecznego projektowania nowych cial statych o okreslonych
wlasciwos$ciach fizykochemicznych'!. Podstawowymi oddziatywaniami

w wielosktadnikowych uktadach krystalicznych sg wigzania wodorowe, tworzace si¢ w obrebie
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jednego (wewnatrzczasteczkowe wigzania wodorowe) lub pomigdzy réznymi mediami
(migdzyczasteczkowe wigzania wodorowe). Oprécz nich, w zaleznosci od charakteru
stosowanych zwiazkéw, nalezy wzig¢ pod uwage tworzenie si¢ oddziatywan jonowych,

halogenowych, czy tez asocjacji warstwowe] w syntetyzowanych kompleksach.

kokrysztat

solwat kokrysztatu
kokrysztat soli

solwat soli

solwat kokrysztatu soli

A

Rys. 1. Podziat uktadow wieloskladnikowych przedstawiony przez R. de Geldera i in. w 2016 roku.®

Podejscie syntonowe, zdefiniowane przez G. Desiraju w 1995 roku, stanowi niezwykle
istotne narzedzie przy projektowaniu uktadéw ztozonych z dwoch lub wigcej obojetnych
i/lub jonowych komponentéw. Oznacza ono dobor whasciwego koformera wzgledem substancji
gtéwnej pod katem komplementarnosci grup funkcyjnych w obu zwigzkach, ktére poprzez
wigzania wodorowe beda tworzy¢ réznego typu tzw. syntony supramolekularne, odgrywajace
istotng role w agregacji czasteczek w wieksze uktady, czyli supermolekuty’’. Takowe motywy
wigzan wodorowych moga formowaé si¢ pomiedzy takimi samymi (homosyntony
supramolekularne) lub réznymi grupami funkcyjnymi (heterosyntony supramolekularne).
W inzynierii krystalicznej na szczeg6lng uwage zastuguja heterosyntony, ktore sg bardziej

faworyzowane i powstaja statystycznie czeéciej w pordwnaniu do homosyntonéw (Rys. 2).!3
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SN 9 R~ )R
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Rys. 2. Przyktady syntonéw supramolekularnych powszechnie stosowanych przy projektowaniu kokrysztatow.
Wsrod nich wyr6zni¢ mozna heterosyntony, takie jak pirydyna — kwas karboksylowy (A) i amid — kwas
karboksylowy (B) oraz homosyntony, jak kwas karboksylowy — kwas karboksylowy (C), czy tez aminopirymidyna
— aminopirymidyna.'?
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Parametrem, na ktory rowniez nalezy zwroci¢ uwage podczas projektowania krysztatlow
wielosktadnikowych jest parametr ApK.. Stala pK., definiowana jako ujemny logarytm
dziesietny statej dysocjacji, okresla zdolno$¢ do oddysocjowania protonu od czasteczki kwasu,
natomiast warto$¢ ApKa, obliczana dla wybranej pary kwas — zasada wg wzoru:

ApK, = pKapromnowanazasada - pKakwas

wskazuje prawdopodobiefstwo otrzymania kokrysztatu.'* Aurora J. Cruz-Cabeza przedstawita
W swojej pracy analizg tego parametru dla ponad 6000 zjonizowanych i niezjonizowanych par
kwas — zasada. W ten sposob wykazala, ze dla wartosci ApKa < -1 istnieje wigksza szansa
na otrzymanie kompleksu molekularnego, tj. kokrysztatu, natomiast zastosowanie pary
zwigzkow, dla ktérych ApK.> 4, doprowadzi raczej do otrzymania kompleksu jonowego, czyli
soli. W zakresie miedzy -1 a 4 wiarygodno$¢ przewidywan charakteru projektowanego
kompleksu kwasowo-zasadowego jest staba, szczegolnie przy wartosci ApKa = 1, przy ktorej
czgstos¢ wystepowania kokrysztatdéw 1 soli jest praktycznie taka sama. Dodatkowo, w tym
zakresie, oprocz komplekséw z przeniesieniem lub bez przeniesienia protonu, mogg tworzy¢
si¢ tzw. mieszane stany jonowe, gdzie trudno okresli¢ pozycje uwspdlnianego protonu
(kontinuum s6l — kokrysztal). Nie ulega watpliwosci, ze podczas projektowania
dwusktadnikowych uktadow kwas — zasada kwestia przeniesienia protonu jest bardzo wazna,
gdyz ma ono wptyw na wlasciwosci fizykochemiczne otrzymanego kompleksu. Przyktadowo,
na drodze kokrystalizacji sulfametazyny z sacharyng, w zaleznosci od warunkow
jej prowadzenia, mozna otrzyma¢ kokrysztal lub sol, ktore roznig si¢ rozpuszczalno$cia
w wodzie, czy tez temperaturg topnienia'>,

Wybor koformera powinien by¢ rowniez podyktowany jego wlasciwosciami
fizykochemicznymi, co ma szczegdlne znaczenie w projektowaniu kokrysztatow
farmaceutycznych. Jedng z pierwszych substancji farmaceutycznych, poddawanej probom
wspotkrystalizacji z takimi koformerami jak aspiryna, kwas benzoesowy, salicylowy,
antranilowy czy tez 4-aminosalicylowy, byta sulfadymidyna.'®!® Grupa badawcza profesora
Michaela Zaworotko otrzymata 1 opisatla réwniez szereg tego typu kompleksow
z  zastosowaniem takich APl jak rac-ibuprofen, rac-flurbiprofen, aspiryna,
czy karbamazepina.'®?° W 2004 roku M. Zaworotko opisuje kokrysztaty farmaceutyczne jako
szerokg grupe wielosktadnikowych krysztatow, uwzgledniajaca rowniez sole, solwaty, klatraty
oraz zwigzki inkluzyjne.?! Agencja Zywnosci i Lekéw (USFDA) definiuje je jako krystaliczne
ciata stale, ztozone z dwoch lub wiecej czgsteczek w tej samej sieci krystalicznej, zatem

uwzglednia wyzej wymienione typy uktadéw wielosktadnikowych.?>** Z kolei Europejska
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Agencja Lekéw (EMA) uwaza kokrysztaty farmaceutyczne za homogeniczne krystaliczne ciata
state zlozone z dwoch lub wigcej komponentdow w  $ciSle okreslonym stosunku
stechiometrycznym, przy czym czasteczki w sieci krystalicznej nie sa utrzymywane
oddzialywaniami jonowymi.?** Definicja okre$lona przez EMA nie uwzglednia zatem
kompleksow jonowych, wiec jest bardziej zblizona 1 zgodna z definicja kokrysztatu,
przedstawionej w pracy R. de Geldera i in., anizeli definicja USFDA. Dodatkowo, jednym
ze sktadnikoéw kokrysztatu farmaceutycznego powinna by¢ aktywna substancja farmaceutyczna
(z ang. API), natomiast koformer stosowany do kokrystalizacji powinien by¢ nietoksyczng
substancja, nalezacg do szerokiej grupy zwigzkow GRAS, tj. substancji ogdlnie uznanych
za bezpieczne.?

Kokrysztaty bezspornie stanowia niemaly obiekt zainteresowan przemystu
farmaceutycznego, ze wzgledu na to, ze kokrystalizacja substancji farmaceutycznych to jedna
z prostszych metod modyfikacji ich wiasciwosci fizykochemicznych, ze szczegolnym
uwzglednieniem rozpuszczalnosci oraz przepuszczalnosci przez btony biologicznie. W oparciu
o te cechy, Gordon L. Amidon w swojej pracy z 1995 roku opisat system klasyfikacji
biofarmaceutycznej (BCS), na podstawie ktorego mozna przyporzadkowac¢ dany farmaceutyk
do jednej z 4 grup®”:

» klasa I, stanowigca grupe zwigzkow o wysokiej rozpuszczalno$ci oraz
przepuszczalnoéci (m. in. teofilina®®, metoprolol?’, chlorowodorek propranololu®”)

» klasa II, do ktoérej naleza zwigzki o wysokiej rozpuszczalno$ci, ale o niskiej
przepuszczalnoéci (m. in. itrakonazol®!, cyklosporyna*?, gryzeofulwina®, ibrutinib¥)

» klasa III, w sktad ktorej wchodza zwiazki o wysokiej przepuszczalnosci, jednak
o niskiej rozpuszczalnosci (m. in. cymetydyna*®, abakawir’®)

» klasa IV, obejmujaca substancje charakteryzujace si¢ jednocze$nie niska
rozpuszczalnoscia, jak i niska przepuszczalno$cia (m. in. olaparib®’, bifonazol®)
Mozliwos¢ wpltywu na parametry fizykochemiczne API bez wptywu na jego dziatanie

farmakologiczne stanowi podstawowa zalete techniki kokrystalizacji*’. Oprocz
rozpuszczalno$ci oraz biodostepnosci technika ta moze wplynagé na takie wiasciwosci
zwigzkow jak szybkos$¢ rozpuszczania, wlasciwos$ci mechaniczne (tabletkowalnos$¢), termiczne
(temperatura topnienia), czy stabilno$¢ w roéznych warunkach wilgotnoéci.**® Atrakcyjna
wydaje si¢ réwniez perspektywa minimalizacji dzialan niepozadanych oraz poprawa efektu
terapeutycznego substancji leczniczej. Otrzymywanie kokrysztatow farmaceutycznych jest
mozliwe nawet dla substancji zawierajacych grupy funkcyjne wrazliwe na obecno$¢ kwasow,

czy zasad stosowanych do otrzymywania soli.
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Sposrdod przyktadow kokrysztaldw stosowanych w przemysle farmaceutycznym mozna
wskazaé kokrysztat kofeiny z kwasem cytrynowym. Zastosowanie kwasu cytrynowego jako
koformera poprawia stabilnos$¢ alkaloidu purynowego w roztworze nasyconym*'. Kokrysztat
ipragliflozyny z L-proling jest bardziej odporny na wilgo¢ w stosunku do czystego API*.
Entresto® jest kokrysztalem zlozonym z dwoch substancji o dziataniu farmakologicznym,
tj. walsartan oraz sakubitryl. W tej postaci biodostgpno$¢ walsartanu ulega znacznej poprawie
przy zastosowaniu tej samej dawki leku®>*2. Temozolomid, stosowany w leczeniu raku mozgu,

wspoltkrystalizowany z kwasem bursztynowym, wykazuje wigkszg stabilno$¢ przez dtugi czas

oraz wywotuje mniej skutkéw ubocznych®.

Tab. 1. Przyktady ré6znych metod kokrystalizacji3®#+8,

KOKRYSTALIZACJA W KOKRYSTALIZACJA W .
TECHNIKI ROZNE
FAZIE CIEKLEJ FAZIE STALEJ
o Odparowanie rozpuszczalnika o Mielenie: o Kokrystalizacja wspomagana
. laserem®
o Zastosowanie e nasucho
antyrozpuszczalnika® o Kokrystalizacja wspomagana

e  zdodatkiem rozpuszczalnika ultradzwigkami®s

o Kokrystalizacja z zawiesiny>°

z dodatkiem polimeru®® o Kokrystalizacja wspomagana

o Liofilizacja®! - .
promieniowaniem

tkiem ci
o Suszenie rozpylowe>? v dOda-solem cleeny mikrofalowym©%6
Zpy’ jonowej

- .53 L .
o Elektrorozpylanie e  ze $cinaniem w ciele

o Wykorzystanie ptynow statym®

nadkrytycznych: o Wytlaczanie na gorgco®!

»  kokrystalizacja z
rozpuszczalnikiem
nadkrytycznym®*

+  gwaltowne rozprezanie
roztworu nadkrytycznego>’

o Granulacja z wysokim
$cinaniem®?

o Kosublimacja®

»  kokrystalizacja z
zastosowaniem

nadkrytycznego
rozpuszczalnika®

+  atomizacja wspomagana
plynem nadkrytycznym?®’

Kokrystalizacja to technika, pozwalajagca wplyna¢ na parametry fizykochemiczne
okreslonych zwigzkéw chemicznych poprzez dobor odpowiedniego koformera, co ma nie tylko
znaczenie w przemysle farmaceutycznym. Sztuczne stodziki, takie jak sacharyna, aspartam, czy
acesulfam, wykorzystuje si¢ do otrzymywania stodkich kokrysztatow réznych zwigzkow
chemicznych, ktore posiadaja gorzki lub nieprzyjemny smak, co ma zastosowanie réwniez
w przemysle spozywczym®’. Kokrysztaly organiczne odgrywaja coraz wazniejsza role

w projektowaniu materiatéw o unikalnych wtasciwosciach optycznych®, elektronicznych oraz
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magnetycznych®. Znane jest rowniez zastosowanie inzynierii krystalicznej w modyfikacji
1 poprawy stabilno$ci koloru naturalnych pigmentéw, takich jak emodyna, co moze zwigkszy¢
zainteresowanie 1 rozszerzy¢ zakres ich zastosowan w przemys$le drukarskim oraz
farbiarskim’°.

Kokrystalizacja oferuje otrzymywanie nieznanych dotagd wielosktadnikowych
komplekséw molekularnych lub jonowych o unikalnych wlasciwosciach fizykochemicznych.
Oproécz samego doboru zwigzkdw majacych utworzy¢ kokrysztat, istotnym jest rowniez wybor
metody ich otrzymywania. Odparowanie rozpuszczalnika jest najpowszechniej
wykorzystywana drogg kokrystalizacji. Polega ona na rozpuszczeniu dwéch lub wigcej
substancji w okre§lonym stosunku stechiometrycznym, w wybranym rozpuszczalniku lub
mieszaninie rozpuszczalnikow w danej temperaturze, po czym roztwdr pozostawia si¢
do odparowania celem wytrgcenia substancji statej — kokrysztatu. Oczywista zaleta jest
mozliwos¢ uzyskania monokrysztalow, ktore nastepnie mozna poddac rentgenowskiej analizie
strukturalnej celem identyfikacji uzyskanej fazy’'. Wytwarzanie kokrysztatéw na wiekszg skale
powyzsza metoda jest jednak czasochtonne i nieekonomiczne, szczegdlnie ze wzgledu na duze
zuzycie rozpuszczalnikow. Alternatywa moga by¢ procesy prowadzone w ciele statym pod
wplywem energii mechanicznej, do ktorych nalezg m. in. rozcigganie, $ciskanie, czy mielenie.
Synteza mechanochemiczna, prowadzona z wykorzystaniem mozdzierza lub mtyna, moze by¢
prowadzona na sucho lub w niewielkiej ilosci rozpuszczalnika, ktory moze katalizowac caty
proces. Jest to odpowiednia metoda, kiedy mamy do czynienia z trudno rozpuszczalnymi
substancjami®’. Dodatkowo, w przeciwienstwie do kokrystalizacji prowadzonej w roztworze,
nie ma konieczno$ci stosowania substratow o podobnej rozpuszczalnosci, co zwigksza zakres
stosowalnoéci tej metody*®. Oprocz tego, do zalet nalezy uwzglednié czas prowadzenia reakcji,
wynoszacy od kilku minut do kilku godzin, znaczne ograniczenie stosowania ciektych mediow,
jak 1 mozliwos$¢ bezposredniej 1 szybkiej analizy produktu poreakcyjnego ze wzgledu na jego
czystos¢. Oprocz wspomnianych metod kokrystalizacji istnieje wiele innych, ktorych podziat
przedstawiono w Tab. 1.

Wsrod aktywnych substancji farmaceutycznych, czesto poddawanych kokrystalizacji
jest kofeina (inaczej 1,3,7-trimetyloksantyna, Rys. 3). Zwigzek ten nalezy do grupy alkaloidow

purynowych, stanowiacych jedna z najbardziej zréznicowanych grup zwiazkow’>7>,
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Rys. 3. Wzory strukturalne wybranych alkaloidow purynowych — teobrominy (TBR), teofiliny (TPH) oraz kofeiny
(CAF).

Sa to pochodne puryny, ztozonej z pierscienia pirymidynowego oraz imidazolowego,
stanowigcej szkielet dla wielu istotnych grup zwiazkow tj. alkaloidow, metabolitow, czy tez
nukleotydow’®. Kofeina, jako substancja psychoaktywna, znalazta szerokie zastosowanie
zarbwno w przemysle farmaceutycznym, jak i w produkeji zywno$ci”. Alkaloid ten dziata
stymulujaco na osrodkowy uklad nerwowy oraz sprzyja przyspieszeniu metabolizmu. Jego
spozycie wplywa réwniez na zmniejszenie uczucia sennosci, tagodzeniu zmeczenia oraz
poprawy sprawnosci umystowej’®. Dlatego, jako sktadnik kawy, herbaty, coca-coli, czy tez
napojow energetycznych, kofeina znalazta si¢ na czele najczgéciej spozywanej substancji
psychoaktywnej na $wiecie’’. Ta pochodna puryny wystepuje zaréwno w postaci bezwodne;j,
jak 1 uwodnionej, a stabilno$¢ kazdej z tych form krystalicznych jest podyktowana
odpowiednimi warunkami wilgotnos$ci oraz temperaturag. W zwigzku z tym, pomimo dobrej
rozpuszczalno$ci w wodzie (ok. 23 g-L!), moze dochodzi¢ do konwersji jednej formy w druga,
co w zywnosci, czy formowanych lekach moze prowadzi¢ do niekorzystnych interakc;ji
z innymi sktadnikami’®. Zapobiec temu procesowi moze kokrystalizacja kofeiny z odpowiednio
dobranymi koformerami’®.

Do tej samej grupy zwiazkéw nalezg rdwniez podobne strukturalnie teofilina oraz
teobromina, przedstawione na Rys. 3. Teofilina, jako naturalny sktadnik lisci herbaty, yerba
mate, czy tez kakao, jest szeroko stosowang substancjg farmakologiczng. Syntetyczne
pochodne teofiliny stosowane s3 w leczeniu fizjologicznych zaburzen czynnosci uktadu
oddechowego, m. in. w przewleklej obturacyjnej chorobie phuc®’. Alkaloid ten
w umiarkowanych dawkach rozszerza oskrzela, dlatego jest wykorzystywany réwniez
w leczeniu skurczu oskrzeli, jak 1 astmy u dorostych. Z medycznego 1 biologicznego punktu
widzenia jest to zwigzek cieszacy si¢ szerokim zainteresowaniem, natomiast
z fizykochemicznego punktu widzenia stanowi on wyzwanie ze wzgledu na zjawisko
interkonwersji migdzy bezwodng a uwodniong forma alkaloidu w funkcji wilgotnosci
wzglednej®'. W znacznym stopniu utrudnia to proces projektowania powtarzalnego i spojnego

procesu przetwarzania API, dlatego teofiling czgsto stosuje si¢ go jako uktad modelowy
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do tworzenia soli, kokrysztatow, czy tez kompleksow metali®2. Oprocz zwickszenia stabilnosci,
kokrystalizacja teofiliny moze wplyna¢ na poprawe jej rozpuszczalno$ci, wynoszacej
8,24 g-L18

Teobromina jest alkaloidem bg¢dacym gléwnym sktadnikiem kakao. Dodatkowo,
w mniejszych ilo$ciach, mozna ja rowniez znalez¢ w herbacie, yerba mate, czy tez w guaranie®.
Nie jest ona aktualnie stosowana jako lek, natomiast znajduje si¢ w krggu zainteresowan
badaczy ze wzgledu na korzystny wplyw na organizm ludzki®. Teobromina dziata stymulujaco
na o$rodkowy uktad nerwowy, jednak w mniejszym stopniu niz kofeina. Wykazuje dziatanie
przeciwutleniajgce, przeciwzapalne, immunomodulujgce oraz, co najwazniejsze, sam alkaloid
i jego pochodne wykazuja aktywno$é przeciwnowotworowa, co potwierdza szereg badan®®.
Teobromina, w przeciwienstwie do kofeiny oraz teofiliny, wykazuje stabilno$¢ w roztworze
wodnym 1 nie ulega przeksztatceniu w hydrat, jednak podstawowg przeszkoda w drodze
do jej stosowania w przemysle farmaceutycznym jest jej staba rozpuszczalnos¢ w wodzie®'.
Parametr ten, rowny 0,33 gL' moze ulec poprawie dzieki zastosowaniu kokrystalizacji,

prowadzacej do przeksztatcenia teobrominy w lepiej rozpuszczalne sole lub kokrysztaty.
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2. Omowienie wynikow prowadzonych badan

2.1 Otrzymywanie oraz analiza syntonowa kompleksow teobrominy
z kwasami mono- oraz dihydroksybenzoesowymi — prace Al, A2, A4

Pochodne hydroksylowe kwasu benzoesowego stanowig interesujacg grupe zwigzkow
stosowang do otrzymywania komplekséw molekularnych lub jonowych (Rys. 4). Kwasy
te wystepuja w formie izomerow pozycyjnych, tj. r6znig si¢ one przestrzennym roztozeniem
grup funkcyjnych, a dzieki obecnosci donorowo-akceptorowych ugrupowan moga tworzy¢
zlozone sieci wigzan wodorowych. Zastosowanie takich koformeréw do kokrystalizacji
pozwala oceni¢ wpltyw na kompetytywne tworzenie niekowalencyjnych potaczen pomiedzy
okreslonymi grupami funkcyjnymi (syntonéw supramolekularnych), okresli¢ hierarchig
syntonowa, a takze bada¢ relacje¢ struktura-wiasciwos¢. Jest to niezwykle istotne w syntezie
supramolekularnej oraz inzynierii krystalicznej, szczegoOlnie przy projektowaniu nowych

kokrysztatéw farmaceutycznych, ktére maja posiadac okreslone wlasciwosci fizykochemiczne.

COOH
COOH COOH
OH
OH
2HBA 3HBA 4HBA
o / COOH COOH COOH
N oH OH OH
HN
A MLy o
07 >N~ "N OH
| OH
TBR 23DHBA 24DHBA 25DHBA
COOH COOH COOH
HO OH
OH HO OH
OH
26DHBA 34DHBA 35DHBA

Rys. 4. Zastosowane do badan teobromina (TBR) oraz kwasy mono- oraz dihydroksybenzoesowe.

Agencja Zywnosci i Lekow zaklasyfikowata niektére z hydroksylowych pochodnych
kwasu benzoesowego (Tab. 2) do grupy GRAS i/lub EAFUS. Wybrane zwiazki cechujg
rozmaite wilasciwosci biologiczne, co jeszcze bardziej podkresla rangg oraz uzasadnia
konieczno$¢ badan strukturalnych nad ich zastosowaniem jako koformerow. Ponizej
przedstawiono aktywno$¢ oraz dzialanie wybranych pochodnych hydroksylowych kwasu

benzoesowego:
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2HBA — najbardziej znane dzialanie tego kwasu opiera si¢ na hamowaniu syntezy
prostaglandyn®®; stanowi substrat do produkcji aspiryny (kwasu acetylosalicylowego),
stosowanej jako lek przeciwbolowy, przeciwgoraczkowy, przeciwzapalny, czy tez jako
preparat przeciwzakrzepowy oraz kardioprotekcyjny®

4HBA - wykazuje m. in. dziatanie przeciwbakteryjne, przeciwgrzybicze oraz
antyrnutagennego’91

23DHBA — jako metabolit metabolizmu kwasu salicylowego®? wykazuje najsilniejsze
whasciwoéci antyoksydacyjne sposrod kwasow fenolowych®?; wykazuje tez dziatanie
przeciwbakteryjne’, przeciwpierwotniakowe® oraz stanowi skuteczny $rodek
chelatujacy zelazo®®

24DHBA — wykazuje aktywno$¢ przeciwbakteryjng®’

25DHBA - aktywny metabolit rozktadu kwasu salicylowego wykazuje szerokie
spektrum aktywnos$ci biologicznej, takie jak wilasciwosci przeciwzapalne,
przeciwreumatyczne, antymutagenne, przeciwdrobnoustrojowe, przeciwutleniajace’®,
dziata rozjasniajaco na skore i jest stosowany w leczeniu zaburzen pigmentacji skory”;
jest rowniez biomarkerem raka nerkowokomorkowego!'®

26DHBA — posiada stabg aktywno$¢ wymiatania rodnikéw 2,2-difenylo-1-
pikrylohydrazylowych oraz hamowania wzrostu drobnoustrojow!%!-1%3

34DHBA - wykazuje aktywno$¢  przeciwbakteryjna, przeciwwirusowa,
przeciwnowotworowa, przeciwstarzeniowa, przeciwastmowa, przeciwwrzodows,

97,104

przeciwskurczowg , stosowany rowniez w celu obnizenia poziomu cukru we krwi

(przy hiperglikemii)!%

35DHBA — wykazuje aktywno$¢ przeciwbakteryjng’’

Tab. 2. Przynalezno$¢ kwasow mono- oraz dihydroksybenzoesowych do grupy GRAS i/lub EAFUS.

GRAS / EAFUS

2HBA

3HBA

4HBA
23DHBA
24DHBA
25DHBA
26DHBA
34DHBA
35DHBA

AN S SN SR NENEN
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Niniejsze kwasy wykazujg rowniez wilasciwosci antyoksydacyjne, a ich potencjat
antyoksydacyjny maleje w szeregu 23DHBA > 25DHBA > 34DHBA > 2HBA > 24DHBA >
35DHBA > 4HBA > 3HBA.”

Wsrdéd wielu opisanych w literaturze przykladoéw ich zastosowan jako koformerow

wielosktadnikowych — ukladéw takich  substancji

otrzymywanie

farmaceutycznych jak izoniazyd'®®!'%®

mozna wymieni¢

109,110 112115
d ;

, pyrazynami , pazopanib'!!, piracetam

d1187124 1125

prazykwantel''®, kwas traneksamowy'!”, etenzami , metronidazol'?® i gabapentyna'?S.

Wykorzystanie mono- oraz dihydroksylowych pochodnych kwasu benzoesowego
do kokrystalizacji kofeiny — popularnego alkaloidu purynowego opisano w 2009 roku przez
Dejana-Kresimira Bucara i innych'?’. W niniejszej pracy wykorzystano technike SMPT,
polegajacej na zawieszeniu w niewielkiej ilo$ci wybranego rozpuszczalnika zwigzkéw,
majacych utworzy¢ kokrysztatl, i ewentualnym mieszaniu, czy sonifikacji celem przyspieszenia

procesu'?®

. Autorzy uzyskuja ta droga osiem nowych faz, co potwierdza analiza proszkowa,
a monokrysztaty otrzymuja na drodze kokrystalizacji z roztworu. Przedstawiajg oni rezultaty
rentgenowskiej analizy strukturalnej i dyskutuja tworzenie si¢ specyficznych motywow
supramolekularnych. Podobna praca, opisujaca hierarchi¢ syntonowg oraz aspekty strukturalne
otrzymanych wspomnianymi technikami

wyzej kokrysztatlow teofiliny z kwasami

hydroksybenzoesowymi, zostaje opublikowana przez D.-K. Bucara i innych w 2014 roku.'?’

Tab. 3. Liczba depozytow, stanowiacych wielosktadnikowe uklady zawierajace kofeing, teofiling oraz teobroming
— dane z bazy krystalograficznej CSD do 2019 roku wilacznie, wylaczajac uktady opublikowane w pracach
Al, A2, A3 oraz A4.13°

Kokrysztat koif}lz:;izlu Sol Szlovﬂat Kokrysztat soli kokrfz;)zl:;itl soli fzem
Kofeina 125 57 7 2 3 201
Teofilina 108 25 5 0 145
Teobromina 7 4 1 1 0 1 14

Biorac pod uwage szerokie zainteresowanie pochodnymi hydroksylowymi kwasu
benzoesowego do kokrystalizacji substancji farmaceutycznych (w tym kofeiny oraz teofiliny)
podjeto decyzje o ich wykorzystaniu w stosunku do teobrominy. Na niniejszy kierunek badan
wptynelty réwniez dwa inne aspekty. W 2010 roku opisano hydrat kokrysztalu
TBR-345THBA-2H>O, a w 2015 roku pojawita si¢ publikacja, w ktorej zostal opisany
m. in. kokrysztat TBR-2HBA."*!!132 To dato sygnal, ze wybrany alkaloid moze tworzy¢
kompleksy z innymi hydroksylowymi pochodnymi kwasu benzoesowego. Dodatkowo,

w poréwnaniu do kofeiny (201) oraz teofiliny (145), liczba zdeponowanych krystalicznych
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wielosktadnikowych uktadéw zawierajacych teobromine (14) do 2019 roku byla niewielka
(Tab. 3).13° Uzasadnialo to koniecznoéé poszerzenia biblioteki kompleksow teobrominy,
co z kolei moze przetozy¢ si¢ na poglebienie wiedzy o tworzeniu przez ten alkaloid
preferowanych syntondéw supramolekularnych i powigzanie aspektéw strukturalnych jego
kompleksow z ich wlasciwosciami fizykochemicznymi. Staba rozpuszczalno$¢ teobrominy
w  wodzie (0,00183 mmol'mL")*, w poréwnaniu do rozpuszczalnosci kofeiny
(0,118 mmol-mL™")”® oraz teofiliny (0,0457 mmol-mL"')**, mogta wskazywaé na problemy
z otrzymaniem kokrysztatow droga kokrystalizacji z roztworu, co przetozylo si¢ na tak
niewielkg liczbe zdeponowanych kompleksow tego alkaloidu purynowego w bazie

CSD (Tab. 3).13?

Niniejszy cykl publikacji dotyczy badan nad wielosktadnikowymi uktadami teobrominy
z pochodnymi hydroksylowymi kwasu benzoesowego. Kokrystalizacje prowadzono drogg
powolnego odparowania z roztworu, celem otrzymania dobrej jako$ci monokrysztalow
do badan rentgenowskich. Do tego celu przygotowano roztwory kwasow z wybranymi
koformerami w mieszaninie rozpuszczalnikow, z ktorych jeden z nich stanowita woda,
a drugim byt metanol (4HBA, 23DHBA, 24DHBA, 25DHBA, 34DHBA, 35DHBA), etanol
(2HBA, 3HBA), acetonitryl (260DHBA) lub izopropanol (260DHBA) (Paragrafy A1-2.3.1,
A2-2.2, A4-2.2.1). Mimo dobrej rozpuszczalnoci teobrominy w DMSO (2,09 mg-mL",
tj. 0.0116 mmol-mL™") oraz DMF (0,72 mg-mL"!, tj. 0,004 mmol-mL™), nie brano ich pod
uwagge na etapie wyboru rozpuszczalnika do krystalizacji z roztworu, by unikna¢ dtugiego czasu
odparowywania rozpuszczalnika®. Z kolei zastosowanie rozpuszczalnikéw mniej polarnych,
takich jak DCM, TCM, czy AcOEt zamiast wody skutkowalo powstawaniem zawiesiny,

nierozpuszczalnej mimo wysokiej temperatury oraz dtugiego czasu prowadzenia procesu.

Tab. 4. Uktady teobromina — koformer kwasowy, opublikowane do 2019 roku wlacznie, otrzymane na drodze

syntezy mechanochemicznej.

Refcode Koformer Warunki syntezy mechanochemicznej
GORGUR kwas szczawiowy Mielenie na sucho'3
HIJYAB kwas trifluorooctowy (TFA) Mielenie z dodatkiem TFA!3
HIJYEF kwas malonowy Mielenie z dodatkiem MeNO2!33
NURYUV kwas octowy (AcOH) Mielenie z dodatkiem AcOH!3¢
RUTHEV kwas salicylowy Mielenie z dodatkiem MeCN'32
ZIZRUX, ZIZRUX01 kwas antranilowy Mielenie z dodatkiem réznych rozpuszczalnikow!'3?

Do 2019 roku opisano cztery kokrysztaly oraz dwa solwaty teobrominy otrzymane
na drodze mielenia na sucho lub z niewielkim dodatkiem rozpuszczalnika. Dane zestawiono

w Tabeli 4. Podjeto zatem decyzj¢, by oprécz tradycyjnej metody otrzymywania kokrysztatow
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poprzez kokrystalizacje z roztworu, podja¢ probe ich otrzymania z wykorzystaniem metod
mechanochemicznych. Jednymi z wielu ich zalet jest krotki czas prowadzenia procesu (od kilku
minut do kilku godzin) oraz brak zuzycia lub niewielkie zuzycie rozpuszczalnika (metoda
wpisujaca si¢ w zasady zielonej chemii) w poréwnaniu do klasycznej kokrystalizacji
z roztworu. Otrzymany produkt mozna bezposrednio podda¢ badaniom dyfrakcji proszkowe;
celem identyfikacji fazy, a nast¢pnie dalszym analizom. Mielenie teobrominy z odpowiednia
monohydroksylowa pochodng kwasu benzoesowego przez 45 minut daje w rezultacie nowa
faze, co przedstawiaja zestawienia na rysunkach A1-9, A1-10 oraz Al-11. Zestawienie
teoretycznych dyfraktograméw proszkowych produktow z dyfraktogramami otrzymanymi dla
ciat statych uzyskanych z mielenia teobrominy z dihydroksylowymi pochodnymi kwasu
benzoesowego w czasie 1 godziny przedstawiajg rysunki A2-9 oraz A4-5. Bezwodny produkt

mielenia TBR z kwasem 26 DHBA otrzymano dzigki mieleniu na sucho przez 30 minut.

Co najwazniejsze, powtorzone pdzniej reakcje mechanochemiczne i ich ponowna
analiza potwierdzita powtarzalno$¢ metody (Rys. 5-7). Przesunigcia w pozycjach pikow
na dyfraktogramach proszkowych, szczegoélnie przy wyzszych katach 20, sa zwigzane
z temperaturg prowadzenia pomiaréw. Teoretyczne dyfraktogramy proszkowe zostaly
wygenerowane w programie Mercury na podstawie struktur uzyskanych z pomiarow
prowadzonych na dyfraktometrze monokrystalicznym w niskich temperaturach (od 130

do 150K)."3” Pomiary proszkowe prowadzone byty w temperaturze pokojowe;.

MWMMMM
JJMMMW/M
\A\, k WTBRﬂHBA-HZO LAG H,0

5 10 15 20 25 30 35 40

2Theta [°]

Intensywnosc¢ wzgledna

Rys. 5. Zestawienie teoretycznych dyfraktogramow proszkowych wielosktadnikowych uktadow teobrominy
z kwasami 2-, 3- oraz 4-hydroksybenzoesowym z dyfraktogramami proszkowymi dla ciat stalych uzyskanych
na drodze mielenia (TPXRD — teoretyczny dyfraktogram proszkowy, NG — produkt uzyskany na drodze mielenia

na sucho, LAG H,O — produkt uzyskany na drodze mielenia wspomaganego dodatkiem niewielkiej ilo§ci wody).
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Rys. 6. Zestawienie teoretycznych dyfraktogramow proszkowych wielosktadnikowych uktadow teobrominy
z kwasami 2,3-, 2.4-, 2,5-, 3,4- oraz 3,5-dihydroksybenzoesowym z dyfraktogramami proszkowymi dla ciat
statych uzyskanych na drodze mielenia (TPXRD — teoretyczny dyfraktogram proszkowy, NG — produkt uzyskany
na drodze mielenia na sucho, LAG H,O — produkt uzyskany na drodze mielenia wspomaganego dodatkiem

niewielkiej ilosci wody).

©

c

o A }\ A (TBR-H)*-(26DHBAJH,0 TPXRD

& e

N

E

N (TBR-H)*(26DHBA)-H,0 LAG H,0

o

c

E. \ “ A (TBR-H)*-(26DHBA)" TPXRD

[

c

o

]

= J\_,/L/\ )/\/\/\\‘_/\ (TBR-H)*(26DHBA) NG
A

5 10 15 20 25 30 35 40
2Theta [°]

Rys. 7. Zestawienie teoretycznych dyfraktogramow proszkowych wielosktadnikowych uktadow teobrominy
z kwasem 2,6-dihydroksybenzoesowym z dyfraktogramami proszkowymi dla cial statych uzyskanych na drodze
mielenia (TPXRD — teoretyczny dyfraktogram proszkowy, NG — produkt uzyskany na drodze mielenia na sucho,

LAG H,O — produkt uzyskany na drodze mielenia wspomaganego dodatkiem niewielkiej ilosci wody).

W  zaleznosci od  warunkow  kokrystalizacji, teobromina z  kwasem
2,6-dihydroksybenzoesowym tworzy zaréwno forme bezwodng (TBR-H)"-(26DHBA)", jak
i hydrat (TBR-H)"(26DHBA)H>O (Rys. 7). Wspotkrystalizacja teobrominy z kwasami
4-hydroksybenzoesowym oraz 2,3-dihydroksybenzoesowym w pierwszej kolejnosci
prowadzila do otrzymania form uwodnionych, tj. odpowiednio TBR-2(4HBA)-H>O oraz
TBR-23DHBA-H>0. Podjeto proby pozwalajace okresli¢, czy na drodze mielenia na sucho
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teobrominy z tymi kwasami powstang nowe, niezidentyfikowane dotad fazy. Reakcje
mechanochemiczne prowadzono przez 30 minut. Analiza proszkowa wykazata, ze mielenie
tego alkaloidu z kwasem 2,3-dihydroksybenzoesowym bez dodatku wody prowadzi do fazy
amorficznej (Rys. 8). W przypadku teobrominy oraz kwasu 4-hydroksybenzoesowego
przeprowadzono eksperymenty zaréwno w stosunku 1:1, jak 1 1:2. Produktami syntez
mechanochemicznych obu tych sktadnikow bez dodatku ciektego medium sg fazy amorficzne.
Mielenie z dodatkiem niewielkiej ilosci wody prowadzi do otrzymania fazy
TBR-2(4HBA)-H>O, przy czym po reakcji prowadzonej w stosunku 1:1 obserwujemy zaréwno

faze hydratu kokrysztatu, jak i nadmiarowg teobroming (Rys. 9).

A TBR:23DHBA-H,0 TPXRD

TBR - 23HBA LAG H,0
TBR - 23HBA NG

5 10 15 20 25 30 35 40
2Theta [°]

Intensywnos$¢ wzgledna

Rys. 8. Zestawienie teoretycznego dyfraktogramu proszkowego hydratu kokrysztatu TBR-23DHBA-H,O
z dyfraktogramami proszkowymi dla cial statych uzyskanych na drodze mielenia z dodatkiem wody jako cieklego

medium (LAG) oraz na sucho (NG).

A A W
TBR TPXRD

TBR-4HBA 1:2 LAG H,0
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TBR - 4HBA 1:1 NG
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2Theta [°]

Intensywnos¢ wzgledna

Rys. 9. Zestawienie teoretycznych dyfraktograméw proszkowych (TPXRD) hydratu kokrysztatu
TBR-2(4HBA)-H,O oraz TBR =z fazami uzyskanymi na drodze mielenia teobrominy z kwasem
4-hydroksybenzoesowym w stosunku 1:1 oraz 1:2 prowadzonych bez (NG) lub z dodatkiem niewielkiej ilo$ci

wody (LAG) przez 30 minut.
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Tab. 5. Wyznaczone ApK, dla uktadow teobromina — kwas. Warto$¢ pKa(protonowana zasada) dla teobrominy

wynosi 0,12.138

Koformer | pKa(kwas)'? | ApKa = pKa(protonowana zasada) - pKa(kwas)'* | Produkt kokrystalizacji
2HBA 3,01 -2,89 TBR-2HBA
3HBA 4,08 -3,96 TBR-3HBA
4HBA 4,57 445 TBR-2(4HBA)-H:0
23DHBA 2,96 -2,84 TBR-23DHBA-H20
24DHBA 3,32 -3,2 TBR-24DHBA
25DHBA 3,01 -2,89 TBR-25DHBA
(TBR-H)"-(26DHBAY
26DHBA ) 1,30 1,18 (TBR-H)"(26DHBA)H20
34DHBA 4,45 -4,33 TBR-34HBA
35DHBA 3,96 -3,84 TBR-35HBA

Na podstawie obliczonych warto$ci ApKa dla uktadow teobromina — kwas (Tab. 5)
mozna byto zatozy¢, ze spodziewanymi produktami beda kokrysztaty.!* Rentgenowska analiza
strukturalna potwierdzila otrzymanie obojetnych kompleksow, z wyjatkiem ukladu
TBR — 26DHBA, w ktorym odpowiednie parametry geometryczne jasno wskazaty
na przeniesienie protonu z grupy karboksylowej kwasu na imidazolowy atom azotu czasteczki
zasady 1 utworzenie kompleksu jonowego. Warto tez zwroci¢c uwage na to, ze kwas
2,6-dihydroksybenzoesowy jest najsilniejszym sposrdd zastosowanych koformeréw w zwigzku
z tworzeniem dwoéch wewnatrzezasteczkowych wigzan wodorowych w jego strukturze,
a wiekszo$¢ zdeponowanych uktadéw z jego udziatem to sole.!**!13% Zatem, w przeciwienstwie
do pozostatych kwasow, w przypadku zastosowania tego koformera istniata najwigksza szansa

na otrzymanie kompleksu jonowego z TBR.
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Rys. 10. Zmiany miar wybranych katéw walencyjnych pierscienia imidazolowego alkaloidu purynowego
spowodowane przeniesieniem protonu na imidazolowy atom azotu. W formie kationowej katy o oraz y sg wigksze

(o1 < 02, 71 <72), podczas gdy kat B ulega zmniejszeniu (1 > f2).

Charakter otrzymanych adduktow potwierdzity nie tylko dlugosci wigzanh C=0O oraz
C-O w grupie COOH lub COO™ koformerow (Tab. 6). Analizie poddano réwniez wybrane katy
walencyjne a, B, v (Rys. 10), opisujace geometri¢ pierscienia imidazolowego w czgsteczce

alkaloidu purynowego. Powyzsze parametry r6znig si¢ od siebie w zaleznos$ci od tego, czy
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mamy do czynienia z postacig molekularng, czy kationowa pochodnej puryny, co udowodnita
analiza bazy krystalograficznej CSD, ktérej wyniki przedstawiono w Tabeli 7 (dane
opublikowane w pracy A3). Oznacza to, ze na podstawie ich wartosci mozna stwierdzié¢, czy
doszto do przeniesienia protonu (powstania soli), czy tez nie (powstanie kokrysztatu). Wartosci
analizowanych parametrow geometrycznych a, B, Yy w czasteczkach teobrominy w opisywanych
uktadach zestawiono w Tabeli 8. Jednoznacznie mozna stwierdzi¢ otrzymanie kompleksu
jonowego teobrominy z kwasem 2,6-dihydroksybenzoesowym. Lokalizacja atomu wodoru
na rdznicowej mapie gestosci elektronowej pomiedzy atomem tlenu grupy karboksylowej oraz

imidazolowym atomem azotu, takze potwierdzata charakter otrzymanego kompleksu.

Tab. 6. Dlugosci wigzan C=0 oraz C-O w ugrupowaniu karboksylowym koformeréw w otrzymanych uktadach
teobromina — kwas.

Uktad teobromina — kwas de-o[A] dco[A] Ad [A]
TBR-2HBA 1,233(2) 1,3102) 0,077
TBR-3HBA 1,217Q2) 1,3272) 0,110
TBR-2(4HBA)-H:0 1,240(2) 1,304(2) 0,064

1,244(2) 1,304(2) 0,060
1,255(2) 1,288(2) 0,033
1,259(2) 1,286(2) 0,027
TBR-23DHBA H20 1,236(3) 1,311(3) 0,075
TBR-24DHBA 1,232(3) 1,316(3) 0,084
TBR-25DHBA 1,236(2) 1,308(2) 0,072
(TBR-H)*"(26DHBA) 1,249(2) 1,290(2) 0,041
(TBR-H)*"(26DHBA)-H20 1,241(3) 1,297(3) 0,056
TBR-34DHBA 1,224(3) 1,319(3) 0,095
TBR-35DHBA 1,222(2) 1,318(2) 0,096
1,231(2) 1,318(2) 0,087

» Niewielka warto$¢ Ad zwigzana jest z nieuporzagdkowaniem atoméw wodoru w grupach
karboksylowych tworzacych dimer kwasu karboksylowego R%(8).

Tab. 7. Zakresy wybranych katow walencyjnych a, B, y pierScienia imidazolowego w czasteczkach alkaloidow
w strukturach krystalicznych, gdzie wystepuja w formie obojetnej lub kationowe;j®

Zakres warto$ci wybranego parametru dla czasteczek Zakres warto$ci wybranego parametru dla czasteczek
alkaloidu wystepujacych w postaci molekularnej® alkaloidu wystepujacych w formie kationowej®
a[°] 100,20 - 105,25 106,39 - 108,50
B[] 111,41 - 117,00 108,89 - 111,44
v [°] 102,18 - 107,26 107,02 - 108,63

a) analiza przeprowadzona na podstawie danych z bazy CSD za pomocg programu ConQuest, opublikowana w pracy A3'® (warunki
wyszukiwania: okreslone wspotrzedne 3D, struktury ze wskaznikiem rozbieznosci R < 0.075, tylko struktury wyznaczone w oparciu o pomiary
rentgenowskie monokrysztatéw, tylko struktury organiczne); b) 290 depozytow; c) 32 depozyty.
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Tab. 8. Miary wybranych katow walencyjnych a, B, y w opisywanych uktadach teobromina — kwas.

Uktad teobromina - kwas a[°] B[] v [°]
TBR-2HBA 104,11(9) 112,95(10) 106,36(9)
TBR-3HBA 104,15(12) 113,01(13) 106,11(12)
TBR-2(4HBA)-H0 ¥ 103,58(14) 113,38(15) 106,43(14)

103,66(14) 113,40(15) 106,24(14)
TBR-23DHBA-H20 103,93(17) 113,11(18) 106,43(16)
TBR-24DHBA 104,23(17) 112,65(18) 106,62(16)
TBR-25DHBA 104,06(14) 113,04(15) 106,33(14)
(TBR-H)*-(26DHBA)-H20 106,44(11) 110,68(11) 107,65(11)
(TBR-H)"-(26DHBA) 106,82(17) 110,26(18) 107,60(17)
TBR-34DHBA 104,09(18) 113,23(19) 106,05(18)
TBR-35DHBA ¥ 104,06(14) 113,22(15) 106,13(14)

104,01(14) 113,15(14) 106,16(13)

» Dwie warto$ci dotycza niezaleznych czasteczek teobrominy w asymetrycznej czesci komorki elementarne;.

Wyznaczenie struktur krystalicznych omawianych uktadéw wielosktadnikowych
pozwolilo na identyfikacj¢ 1 skategoryzowanie motywow wigzan wodorowych (syntonow
supramolekularnych) tworzonych przez czasteczki teobrominy i czasteczki kwasow (Rys. 11)

oraz okreslenie czestosci i warunkow ich powstawania. Podzielono je na 4 grupy:

A. homosyntony teobromina — teobromina tworzone w wyniku niekowalencyjnych potaczen
pomiedzy grupami amidowymi fragmentow pirymidynowych czasteczek alkaloidu (syntony

Al oraz A2)
B. heterosyntony z udziatem imidazolowego atomu azotu teobrominy (syntony B1 oraz B2)

C. heterosyntony z udziatem atomoéw tlenu egzo- lub endo-karbonylowych® pirymidynowego
fragmentu teobrominy jako akceptory wigzania wodorowego dla grup hydroksylowych

lub czasteczek wody (syntony C1, C2 oraz C3)

D. heterosyntony z udzialem pirymidynowego atomu azotu N-H jako donora protonu

dla atomow tlenu grup hydroksylowych lub czasteczek wody (syntony D1 oraz D2)
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B. Heterosyntony z udziatem imidazolowego atomu

A. Homosyntony teobromina — teobromina azotu jako akceptora wiazania wodorowego
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h“ B. Heterosyntony z udziatem exo- lub endo-karbonylowego atomu tlenu w D. Heterosyntony z udziatem pirymidynowego
€=0 (egzo-karbonyl) roli akceptora wigzania wodorowego atomu azotu jako donora wigzania wodorowego
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Rys. 11. Rodzaje syntondéw supramolekularnych zidentyfikowanych w badanych uktadach teobromina — kwas.
Nomenklatura grup egzo- oraz endo- grup karbonylowych, wykorzystana w jednej z publikacji autorstwa Bipula

Sarmy i Basanty Saikia, zastosowana rowniez w niniejszej pracy, w znaczacy sposob utatwia ich rozroznienie.

Omowienie poszczegdlnych grup razem z hierarchia wspomnianych syntondéw
przedstawiono w cze$ci dyskusyjnej pracy Al dla ukladéow teobromina — kwas
monohydroksybenzoesowy oraz w pracy A2 dla uktadéw teobromina — kwasy mono- oraz
dihydroksybenzoesowe. Opisy struktur krystalicznych zawarto rowniez w wyzej
wymienionych pracach, natomiast najwazniejsze wyniki oraz wnioski, wynikajace

z przeprowadzonej rentgenowskiej analizy strukturalnej, przedstawiono ponize;j.

Synton A1 Synton A2

Rys. 12. Homosyntony Al oraz A2 z udzialem czasteczek teobrominy obserwowane w opisywanych

kokrysztatach tego alkaloidu w obecnosci hydroksylowych pochodnych kwasu benzoesowego jako koformera.

Teobromina, ze wzgledu na polozenie grup metylowych w pozycji 3 1 7 (stad jej nazwa
zwyczajowa 3,7-dimetyloksantyna), ma mozliwos¢ tworzenia dwdch typow homosyntonow
supramolekularnych na drodze niekowalencyjnego taczenia si¢ ugrupowan amidowych
obecnych przy pirymidynowym fragmencie alkaloidu (Rys. 12). W strukturze krystalicznej
czystej teobrominy obserwuje si¢ homosynton Al, utworzony poprzez wigzania wodorowe
N-H---O z udziatem atomu tlenu grupy endo-karbonylowej (Rys. 11).'*! Ten sam motyw
R%(8), w postaci 8-cztonowego pierscienia z dwoma donorami oraz dwoma akceptorami,

obserwuje si¢ w strukturze hydratu kokrysztatu TBR-2(4HBA)-H,O oraz soli

50



(TBR-H)"-(26DHBA)", w ktorej to teobromina jest obecna w postaci kationowej. Z kolei
tworzenie si¢ dimeru A2 na drodze oddzialywan N-H---O, w ktérych atom tlenu grupy
egzo-karbonylowej pelni role akceptora, obserwuje si¢ az w pigciu kokrysztatach,
tj. TBR-2HBA, TBR-3HBA, TBR-25DHBA, TBR-34DHBA oraz TBR-35DHBA. Preferencje
do tworzenia syntonu A2 w uktadach teobromina — kwas karboksylowy potwierdzajg rowniez
dane strukturalne zdeponowane w bazie krystalograficznej CSD. Mozna go znalez¢
w kompleksach teobromina — kwas szczawiowy (GORGUR), teobromina — kwas
trifluorooctowy (HIJY AB), teobromina — kwas octowy (NURYUV) oraz teobromina — kwas
2-aminobenzoesowy (ZIZRUX). Synton Al obecny jest w kokrysztale teobromina — kwas

benzeno-1,3,5-trikarboksylowy (UKOLEO).

Kolejnym typem syntondéw obserwowanych w omawianych strukturach sg syntony
z udziatem imidazolowego atomu azotu teobrominy (Rys. 13). Heterosynton COOH " Nimidazol
z udzialem grupy karboksylowej jest najczgéciej obserwowanym motywem w badanych
uktadach. Jest to istotne oddziatywanie, poniewaz na podstawie geometrii ugrupowania
karboksylowego oraz pier§cienia imidazolowego, jak i1 lokalizacji protonu biorgcego w nim
udziat jesteSmy w stanie okresli¢ charakter powstatego kompleksu. Motyw ten obserwuje si¢
w  kokrysztalach TBR-2HBA, TBR-3HBA, TBR-23DHBA-H,O, TBR-24DHBA,
TBR-25DHBA, TBR-34DHBA oraz TBR-35DHBA. Wigzanie wodorowe z przeniesieniem
tadunku N-H:--O" obecne w kompleksach jonowych (TBR-H)"-(26DHBA) oraz
(TBR-H)*-(26DHBA)-H»0O tworzy si¢ w wyniku migracji protonu z grupy karboksylowej

na imidazolowy atom azotu teobrominy.

o o) o)
Hoy N/ He N/
A ;\ 5 R A A0
S Y S
| \H\o/go H*‘é/& | H-o

Synton B1 Synton B2

Rys. 13. Heterosyntony B1 oraz B2 z udzialem imidazolowego atomu azotu teobrominy. Przedstawiono odmiany
syntonu B1 z udziatem grupy karboksylowej obserwowane w kokrysztatach i solach (w nawiasie) oraz synton

B2 z udziatem grupy hydroksylowej jako donora protonu.

Zaskakujagcym faktem bylo rozpoznanie homosyntonu utworzonego z dwodch
ugrupowan karboksylowych czasteczek kwasu 4-hydroksybenzoesowego w hydracie
kokrysztalu TBR-2(4HBA)-H>0. Zgodnie z doniesieniami literaturowymi rzadko obserwuje

si¢ tworzenie tego typu dimeru w obecnos$ci aromatycznego zasadowego atomu azotu w stanie
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krystalicznym.'?”1? Podczas badan nad kokrysztalami kofeiny oraz teofiliny z kwasami mono-
oraz dihydroksybenzoesowymi podobny synton zaobserwowano jedynie w jednym
z polimorféw kokrysztalu TPH-34DHBA (polimorf 1)!?. W obu przypadkach role donora
protonu dla imidazolowego atomu azotu przejmuje grupa hydroksylowa (synton B2). Powyzsze
spostrzezenia utwierdzaja w tym, ze dominujacg role w ksztattowaniu architektury sieci

krystalicznej alkaloidéw purynowych z kwasami karboksylowymi odgrywa synton B1.

oy
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Rys. 14. Heterosynton z udziatem czasteczki wody jako donora protonu dla imidazolowego atomu azotu

teobrominy.

Obserwacje dotyczace tworzenia si¢ tego motywu supramolekularnego sa zgodne
z dotychczas opublikowanymi badaniami. W zdecydowanej wigkszosci zdeponowanych
uktadow teobromina — kwas karboksylowy wystepuje wigzanie wodorowe COOH: - Nimidazol
(synton B1). Jedynie w dwoch opublikowanych oraz zdeponowanych w bazie CSD hydratach
kokrysztatu, a mianowicie dihydracie teobromina — kwas galusowy (Refcode: MUPPET) oraz
dihydracie teobromina — kwas wanilinowy (Refcode: ZOYBOG) role donora protonu dla

imidazolowego atomu azotu przejat rozpuszczalnik, tj. czasteczka wody (Rys. 14).
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Rys. 15. Heterosyntony z udzialem atomoéw tlenu grup endo- (syntony C1 oraz C2) oraz egzo-karbonylowej
(synton C3) pirymidynowego fragmentu teobrominy, rozpoznane w omawianych uktadach teobromina — kwas

karboksylowy.

Kolejnymi obserwowanymi syntonami supramolekularnymi w uktadach teobromina —
kwas karboksylowy s3a wigzania wodorowe z udzialtem endo- oraz egzo-karbonylowych
atomow tlenu (Rys. 15). W kokrysztatach TBR-3HBA, TBR-25DHBA, TBR-34DHBA oraz

TBR-35DHBA, w ktorych egzo-karbonylowy atom tlenu bierze udzial w tworzeniu

homosyntonu amid — amid (synton A2), atom tlenu grupy endo-karbonylowej stanowi akceptor
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wigzania wodorowego O-H:---O, w ktérym bierze udzial jedna z grup hydroksylowych danego
kwasu (synton C1). W kokrysztale TBR-2HBA grupa hydroksylowa w pozycji orto do grupy
karboksylowej tworzy wewnatrzczasteczkowe wigzanie wodorowe O-H:--O, w zwigzku z tym
w najblizszym otoczeniu nie ma innych dobrych donoréw, mogacych utworzy¢ silne
oddziatywanie z grupa endo-karbonylowg. Podobng sytuacje¢ obserwuje si¢ w soli
(TBR-H)"-(26DHBA), gdzie obie grupy hydroksylowe w anionie kwasu
2,6-dihydroksybenzoesowego tworza wewnatrzczasteczkowe wigzania wodorowe O-H---O",
a w tworzenie dimeru teobrominy zaangazowany jest endo-karbonylowy atom tlenu (synton
Al). W tym uktadzie ugrupowanie egzo-karbonylowe nie tworzy silnych oddzialywan
niekowalencyjnych. W hydracie kokrysztatu TBR-2(4HBA)-H>O obie czasteczki teobrominy
tworza dimer z udziatem atomu tlenu grupy endo-karbonylowej (synton A1). Czasteczka wody,
wchodzaca w sktad niniejszego solwatu, peini role donora protonu dla atomu tlenu grupy endo-
karbonylowej jednej z czasteczek alkaloidu oraz atomu tlenu grupy egzo-karbonylowej drugie;j

z czasteczek alkaloidu, tworzacej powyzszy dimer.
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Rys. 16. Heterosyntony z udzialem pirymidynowego atomu azotu teobrominy w roli donora wigzania
wodorowego, w ktorym rolg akceptora pelni atom tlenu grupy hydroksylowej (synton D1) lub atom tlenu
czasteczki wody (synton D2).

W uktadach, w ktérych nie obserwuje si¢ dimeru teobrominy, oprocz akceptorow
wigzania wodorowego w postaci karbonylowych atomoéw tlenu, dostepna jest rowniez grupa
N-H, bedaca dobrym donorem. W tego typu uktadach mozna rozr6zni¢ dwa typy syntonéw
supramolekularnych z udzialem pirymidynowego atomu azotu oraz atomu tlenu grupy
hydroksylowej (synton D1) lub atomem tlenu czasteczki wody (synton D2) w roli akceptora
(Rys. 13). Homosyntonow amid — amid nie obserwujemy w kompleksach TBR-23DHBA -H,O0,
TBR:24DHBA oraz (TBR-H)"-(26DHBA)-H,0.

W hydracie kokrysztalu TBR-23DHBA-H>O czasteczka wody jest donorem protonow
dla endo-karbonylowych atoméw czasteczek alkaloidu znajdujacych si¢ w sieci krystalicznej
(synton C2), natomiast atomy tlenu grup egzo-karbonylowych nie tworzg silnych oddzialywan

niekowalencyjnych. Pirymidynowy atom azotu stanowi donor protonu dla atomu tlenu grupy
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hydroksylowej kwasu 2,3-dihydroksybenzoesowego w potozeniu meta do grupy karboksylowe;j
(synton DI). W kokrysztale TBR-:24DHBA obserwujemy m. in. syntony Cl, gdzie grupa
hydroksylowa w pozycji para do grupy karboksylowej kwasu tworzy wigzanie wodorowe
O-H---O z udzialem endo-karbonylowego atomu tlenu (Rys. 15) oraz syntony DI, bedace
oddziatywaniem N-H---O, w ktérym atom tlenu wyzej wspomnianej grupy hydroksylowe;j
stanowi akceptor protonu od pirymidynowego atomu azotu (Rys. 16). Podobnie jak
w TBR-23DHBA-H;O, atom tlenu grupy egzo-karbonylowej nie tworzy silnych wigzan
wodorowych. W hydracie soli (TBR-H)"-(26DHBA)-H,O pirymidynowy atom azotu jest
donorem protonu dla atomu tlenu czasteczki wody (synton D2), ktéra w tym samym czasie
pelni rol¢ donora protonu dla egzo-karbonylowego atomu tlenu (synton C3). Atom tlenu grupy
endo-karbonylowej kationu teobrominy nie bierze udzialu w tworzeniu silnych

niekowalencyjnych oddziatywan.

Na podstawie powyzszych obserwacji mozna zauwazy¢ wigkszg preferencje atomu
tlenu grupy endo-karbonylowej do tworzenia niekowalencyjnych oddzialywan z grupami
hydroksylowymi  kwaséw (mowa o grupach  hydroksylowych nietworzacych
wewnatrzczasteczkowych wigzan wodorowych O-H---O w czasteczkach kwasow) lub
czasteczka wody. Czasteczka wody rownie chetnie stanowi donor protonu wobec atomu tlenu
grupy endo-karbonylowej (kompleksy TBR-2(4HBA)-H>O oraz TBR-23DHBA-H>0), jak
i egzo-karbonylowej (kompleksy TBR:-2(4HBA)-H2O oraz (TBR-H)"-(26DHBA)-H:0).
W uktadach, gdzie nie obserwuje si¢ dimeru teobrominy, pirymidynowy atom azotu czesciej
jest donorem protonu dla atomu tlenu grup hydroksylowych, anizeli dla atomu tlenu czasteczki
wody.

Tab. 9. Podsumowanie wystgpowania poszczeg6élnych typow syntonéw supramolekularnych w omawianych

uktadach teobromina — kwas.

Syntony typu A Syntony typu B Syntony typu C Syntony typu D
Kompleks TBR - kwas
Al A2 B1 B2 C1 C2 C3 D1 D2
TBR-2HBA v v
TBR-3HBA v v v
TBR-2(4HBA)-H20 v v 4 v
TBR-23DHBA-H20 v v v
TBR-24DHBA v v v
TBR-25DHBA v v v
(TBR-H)"-(26DHBA) v v
gITI]j(I){-H)ﬂ(%DHBA)‘ v v v
TBR-34DHBA v v v
TBR-35DHBA v v v
Hierarchia syntonow | A1(2) < A2(5) | B1(9) > B2(1) | C1(5) > C2(2) =C3(2) | D1(2) > D2(1)
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Przeprowadzona  rentgenowska  analiza  strukturalna  dla  otrzymanych
10  wielosktadnikowych uktadow zawierajacych teobroming oraz kwasy mono-
i dihydroksybenzoesowe jako koformery pozwolita wskaza¢ prawidtowosci w tworzeniu
okreslonych typéw syntonow supramolekularnych. Tabela 9 stanowi podsumowanie
omowionych w tym miejscu wynikoOw, wskazuje miejsce wystgpowania opisywanych
motywow wigzan wodorowych w badanych uktadach oraz ukazuje ich hierarchig.

Stacjonarne pomiary absorpcyjne w zakresie UV-Vis przeprowadzone w ramach
wspolpracy przez mgr Dari¢ Larowskg-Zarych (prace Al, A2) oraz przez dr. inz. Mateusza
Pawlaczyka (praca A4) umozliwity okreslenie wplywu kokrystalizacji na rozpuszczalnosé
teobrominy w wodzie. Odpowiednie krzywe kalibracyjne zostaly zamieszczone
w suplementach do niniejszych prac. Wsrod opisywanych ukladéw teobrominy z kwasami
monohydroksybenzoesowymi najwigksza poprawe rozpuszczalnosci obserwuje sie dla
kokrysztatu TBR-2HBA (Tab. 10). Wsrod kompleksow molekularnych z pochodnymi
dihydroksylowymi kwasu benzoesowego najlepiej rozpuszczalnym w wodzie jest kokrysztat
TBR-35DHBA, ktory jest ponad 14-krotnie lepiej rozpuszczalny w wodzie niz czysty alkaloid.
Wsérod 10 badanych ukladow najwickszg rozpuszczalno$s¢ wykazuje hydrat soli
(TBR-H)*-(26DHBA)-H»0, ktory jest ponad 51-krotnie lepiej rozpuszczalny w wodzie niz

teobromina.

Tab. 10. Rozpuszczalno$é opisywanych kompleksow teobrominy w wodzie oraz ich zmiana w stosunku

do rozpuszczalno$ci teobrominy w wodzie, rownej 1,83-10 mol-L!.%

Uktad TBR — kwas Rozpuszczalnosé Poprawa rozpuszczalno$ci
gLt 1073 mol-L-! wzgledem teobrominy

TBR-2HBA 2,07 6,5 x 3,55

TBR-3HBA 1,06 3,3 x 1,8

TBR-2(4HBA)-H20 1,56 3,3 x 1,8

TBR-23DHBA-H20 6,25 17,7 x 9,7

TBR-24DHBA 1,60 4,8 x2,6

TBR-25DHBA 1,45 4,3 x 2.4

(TBR-H)"-(26DHBA) 1,44 4,3 x 2.4

(TBR-H)""(26DHBA)H20 | 33,3 94,5 x 51,65

TBR-34DHBA 2,20 6,6 x 3,6

TBR-35DHBA 8,76 26,2 x 14,3

Analiza termograwimetryczna (TGA) oraz pomiary skaningowej kalorymetrii
r6znicowej (DSC) pozwolity okresli¢ zachowanie si¢ badanych kompleksow teobrominy
w wysokiej temperaturze. Za czg$¢ pomiardw oraz interpretacj¢ uzyskanych wynikoéw
w pracach Al oraz A2 odpowiadata mgr Daria Larowska-Zarych. Za cze$¢ dotyczaca analizy

termicznej w pracy A4 byla odpowiedzialna mgr Aneta Lewandowska. Na rysunkach 17-19
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przedstawiono wyniki analiz TGA oraz DSC dla badanych uktadow. We wszystkich
opisywanych kompleksach wpierw rozkladowi ulega koformer, ktérym jest pochodna
hydroksylowa kwasu benzoesowego, natomiast na samym koncu teobromina. Jedynie
w TBR-2(4HBA)-H,O, TBR-23DHBA H,0 oraz (TBR-H)"(26DHBA)H>O w pierwszym

etapie uwolnieniu ulega woda, co potwierdza jej obecno$¢ w tych uktadach.
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Rys. 17. Wyniki jednoczesnej analizy termicznej (STA) dla uktadéw TBR-2HBA (wykres gorny), TBR-:3HBA

(wykres $rodkowy), TBR-2(4HBA)-H>O (wykres dolny). Krzywe TGA oznaczono na czarno, natomiast krzywe

DSC sa przedstawione w kolorze czerwonym. Dane opublikowano w pracy Al.
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Rys. 18. Wyniki jednoczesnej analizy termicznej (STA) dla uktadow A) TBR-23DHBA-H,0, B) TBR-24DHBA,
C) TBR-25DHBA, D) (TBR-H)"(26DHBA)-H,O, E) TBR-34DHBA, F) TBR-35DHBA. Krzywe
TGA oznaczono na czarno, natomiast krzywe DSC sa przedstawione w kolorze czerwonym. Dane opublikowano
w pracy A2.
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Rys. 19. Wykresy TGA (kolor czerwony), DTG (kolor czarny przerywany) oraz DSC (kolor czarny) dla uktadu
(TBR-H)*-(26DHBA)". Dane opublikowane w pracy A4.

Jednym z okre$lanych parametrow fizykochemicznych nowo otrzymywanych
wielosktadnikowych uktadow jest temperatura topnienia. Parametr ten dla teobrominy wynosi
348°C'*2) z kolei wartoéci Tip zastosowanych koformeréw zestawiono w Tabeli 11 razem
z Twp otrzymanych adduktow teobrominy. Na podstawie wyznaczonych wartosci tego
parametru mozna doj$¢ do wniosku, ze omawiany parametr prawie dla wszystkich kompleksow

spelnia ponizsza zaleznos¢:
Ttop(KWAS) < Twop(TBR-KWAS) < Trwp(TBR)

Jedynie kompleks TBR:23HBA-H>O ma nizsza temperatur¢ topnienia zaréwno
od temperatury topnienia kwasu 2,3-dihydroksybenzoesowego, jak i teobrominy. Opisane
zaleznosci sg w zgodzie z opublikowanym przez Germana Perlovicha raportem z 2020 roku
dotyczacym zalezno$ci temperatur topnienia pomig¢dzy wielosktadnikowymi uktadami,
a ich sktadnikami.!*? Autor tego raportu poréwnat dane dla prawie 2000 dwusktadnikowych

kokrysztatow i1 podzielit je na 3 grupy:

» 1 — grupa kokrysztalow (54,5% analizowanych uktadow), dla ktorych warto$¢
temperatury topnienia jest pomi¢dzy wartosciami temperatur topnienia koformera oraz
API, tj. Trop(koformer) < Trop(kokrysztat) < Ttop(API)

» 1l — grupa kokrysztatow (14% analizowanych uktadow), ktorych temperatura topnienia
jest wyzsza od temperatury topnienia zaréwno koformera, jak i API, tj. Ttop(koformer)

1 Ttop(API) < Trop(kokrysztat)
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» III — grupa kokrysztatow (31,5% analizowanych ukladéw), ktorych temperatura
topnienia jest nizsza od temperatury topnienia zardwno koformera, jak i API,

tj. Ttop(kokrysztal) < Ttep(koformer) i Ttop(API)

Na podstawie powyzszego podziatu kompleks TBR-23DHBA-H>O mozna

zaklasyfikowaé do grupy III, natomiast pozostate do grupy I, stanowigcej najliczniejsza grupe
analizowanych uktadéw.
Tab. 11. Zestawienie temperatur topnienia wybranych koformerdéw z temperaturami topnienia otrzymanych

komplekséw teobrominy z hydroksylowymi pochodnymi kwasu benzoesowego z informacja dotyczaca

temperatury Tso, (temperatura, w ktorej 5% poczatkowej masy probki ulega rozktadowi).

Uktad TBR — kwas Temperatura topnienia Temperatura topnienia
koformera, °C kompleksu, °C

TBR-2HBA 159 195

TBR-3HBA 200-203 222
TBR-2(4HBA)-H20 213-217 1132215
TBR-23DHBA-H20 208 198

TBR-24DHBA 225 250

TBR-25DHBA 201 279
(TBR-H)"-(26DHBA) 173 202
(TBR-H)*-(26DHBA)-H20 <1007, 193
TBR-34DHBA 201 235

TBR-35DHBA 238 268

* temperatura, w ktorej dochodzi do uwolnienia czasteczek wody.
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2.2. Otrzymywanie oraz analiza supramolekularna kompleksow
wybranych alkaloidow purynowych (teobromina, teofilina, kofeina)
z kwasami 1,3,5- i 1,2,3-benzenotrikarboksylowymi — publikacja A3

Celem niniejszego projektu bylo wykorzystanie strukturalnie podobnych alkaloidéw
purynowych, réznigcych si¢ potozeniem oraz liczbg grup metylowych w szkielecie ksantyny
do kokrystalizacji z kwasami benzeno-1,3,5-trikarboksylowym (kwas trimezynowy, TMSA)
oraz benzeno-1,2,3-trikarboksylowym (kwas hemimelitowy, HMLA), bedacych w stosunku do
siebie izomerami strukturalnymi. Do niniejszych eksperymentéw wykorzystano teobromine
(TBR), teofiling (TPH) oraz kofeing (CAF). Struktury zastosowanych w tej pracy zwigzkow

przedstawiono na Rysunku 20.

COOH HOOC COOH
HOOC COOH
COOH
kwas hemimelitowy kwas trimezynowy
(HMLA) (TMSA)
;\ > ;%E ? ;\k/f )
teobromlna teoflllna kofelna
(TBR}) (TPH) (CAF)

Rys. 20. Struktury zastosowanych koformeréw (kwas trimezynowy - TMSA, kwas hemimelitowy - HMLA) oraz
alkaloidow purynowych (teobromina - TBR, teofilina - TPH oraz kofeina - CAF).

Liczba zdeponowanych uktadow w bazie CSD,

Tab. 12. Liczba zdeponowanych krystalicznych uktadow wielosktadnikowych w bazie CSD, zawierajacych rézne
postacie kwasu trimezynowego (TMSA) oraz kwasu hemimelitowego (HMLA). Stan na 03.2023 r.,

uwzgledniajacy kompleksy otrzymane w niniejszym projekcie (warto$ci w nawiasie).!*

Solwat . Solwat Kokrysztat Solwat soli Razem

Koformer Kokrysztat kokrysztatu Sol soli soli kokrystalicznej
TMSA 37 (+3) 43 (+1) 25 63 17 14 199 (+4)
HMLA 4 (+2) 3 (+1) - 3 (+1) - - 10 (+4)

Wybor kwasu TMSA byl podyktowany jego szerokim zainteresowaniem do

h1447149 +150— 153

wspoltkrystalizacji, m. in. z szeregiem aromatycznych zasad azotowyc aminami

154,155 156— 161,162

aminokwasami , amidami'>®1%° kwasami karboksylowymi'®’, alkoholami , CZy tez
policyklicznymi weglowodorami aromatycznymi'®*-1%®. Analiza bazy wykazata, ze do marca
2023 roku zdeponowano tacznie 203 wielosktadnikowe uktady réznego typu, zawierajace kwas
trimezynowy zaro6wno w formie obojetnej, jak 1 anionowej (Tab. 12). Z kolei do tej pory

zdeponowano w bazie jedynie 14 ukladow, zawierajacych kwas hemimelitowy.!*® Zatem
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na wybor kwasu HMLA zlozyly si¢ zarowno jego niewielka popularnos¢ jako koformera, jak
1 zwigzana z tym Kkonieczno$¢ lepszego zrozumienia tworzonych motywow
supramolekularnych w otrzymywanych z jego udzialem ukladach wielosktadnikowych.
Dodatkowym celem tego projektu byto ukazanie, w jaki sposob tak niewielkie rdznice
strukturalne zarowno w budowie tych kwasow, jak 1 wybranych alkaloidow purynowych
przekladaja si¢ na réznorodno$¢ w tworzeniu wielorakich supramolekularnych
niekowalencyjnych polaczen, odpowiadajacych za stabilizacje sieci krystalicznej, oraz

na wybrane wtasciwosci fizykochemiczne otrzymanych adduktow.

Tab. 13. Wyznaczone warto$ci ApK, dla opisywanych uktadéw alkaloid — kwas.

Alkaloid - kwas pKa(protonowana zasada) pKa kwasu (parametr pKay)'® ApKa = pKa protonowana zasada) — pKa (rowas)™*
dla alkaloidu'3%1¢7

TBR - TMSA 0,12 3,12 -3,0

TBR - HMLA 0,12 2,30 -2,68

CAF - TMSA 0,6 3,12 -2,52

CAF - HMLA 0,6 2,30 -2,20

TPH - TMSA 3,5 3,12 0,38

TPH - HMLA 3,5 2,30 0,7

Na podstawie wyznaczonych warto$ci ApK, dla uktadow zawierajacych teobroming
oraz kofeing (Tab. 13) mozna byto oczekiwa¢ powstania kokrysztatéw tych alkaloidéw
z wybranymi koformerami TMSA oraz HMLA.'* Wyniki rentgenowskiej analizy strukturalnej,
w tym analiza geometrii odpowiednich grup funkcyjnych, potwierdzily otrzymanie
wielosktadnikowych adduktow, zawierajacych te alkaloidy, w ktorych nie obserwuje
si¢ migracji protonu z grupy karboksylowej kwasu do zasadowego imidazolowego atomu
azotu. Warto$ci parametru ApK, wyznaczone dla par TPH — TMSA oraz TPH — HMLA, rowne
odpowiednio 0.38 oraz 0.7 leza w zakresie pomiedzy -1 a 4. Zgodnie z raportem
opublikowanym przez A. J. Cruz-Cabeza jest to zakres warto$ci ApK,, w ktérym trudno jest
przewidzie¢ lokalizacj¢ kwasowego protonu w finalnym produkcie, szczegdlnie w okolicy
ApK. ~ 1, gdzie prawdopodobienstwo otrzymania kompleksow molekularnych lub jonowych
jest identyczne.'* Co ciekawe, dla pary TPH — TMSA otrzymano molekularne kompleksy,
natomiast dla pary TPH — HMLA, w zaleznos$ci od prowadzonych warunkow kokrystalizacji

otrzymano albo kokrysztal, albo uwodniong sol.
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Rys. 21. Zestawienie dyfraktogramow proszkowych w uktadach zawierajacych kwas trimezynowy TMSA jako
koformer. Kolor czarny przedstawia teoretyczne dyfraktogramy proszkowe otrzymane na podstawie rozwigzanych
struktur krystalicznych. Kolor czerwony przedstawia faze uzyskana na drodze kokrystalizacji z roztworu,
natomiast kolor zielony to faza otrzymana na drodze mielenia. (1) — kokrysztat TBR-TMSA, (2) — kokrysztat
TPH-TMSA, (3) — hydrat kokrysztatu TPH-TMSA-2H>0, (4) — kokrysztal CAF-TMSA.

Wszystkie opisywane tu addukty alkaloidow purynowych z kwasami TMSA oraz
HMLA otrzymano w czystej formie na drodze powolnego odparowania roztworu,
co potwierdzajg analizy proszkowe przedstawione na rysunkach 21 oraz 22. Wartym uwagi jest
fakt, ze celem otrzymania dobrej jako$ci monokrysztatow CAF-TMSA oraz CAF-HMLA-H>O
niezb¢dne bylo zastosowanie stechiometrycznego nadmiaru jednego ze skladnikow.
W przypadku kokrysztalu CAF-TMSA byl to 2-krotny nadmiar TMSA wzgledem kofeiny,
natomiast w stosunku do CAF-HMLA-H>O nalezato zastosowa¢ 10-krotny nadmiar kofeiny
wzgledem HMLA. Nietatwym zadaniem bylo réwniez otrzymanie w sposob selektywny
monokrysztatow (TPH)"-(HMLA)-2H,0. Zastosowanie roznych uktadéw rozpuszczalnikow
tj. z-butanol-woda, izopropanol-woda, metanol-woda najcze¢sciej skutkowato otrzymaniem
mieszaniny TPH-HMLA i (TPH)"-(HMLA)-2H,O z przewaga formy bezwodne;j,
co potwierdzata analiza proszkowa (pod mikroskopem byto widocznych jedynie kilka

monokrysztaldéw uwodnionej soli). Kokrystalizacja TPH z udzialem HMLA w ukladzie
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acetonitryl-woda prowadzita selektywnie do TPH-HMLA. Kilkukrotnie otrzymano
selektywnie (TPH)"-(HMLA)-2H>O z mieszaniny metanol-woda, jednak nie udalo sie ustali¢

warunkow sprzyjajacych powstawaniu tej fazy.

Wszystkie  kompleksy molekularne otrzymano na drodze kokrystalizacji
mechanochemicznej (Rys. 21, 22). Mielenia prowadzono na sucho (TBR-TMSA, TBR-HMLA,
TPH-HMLA, CAF-TMSA, CAF-HMLA-H>O) lub z dodatkiem niewielkiej ilosci
rozpuszczalnika (TPH-TMSA, TPH-TMSA-2H,>0) w czasie 30 minut. Co ciekawe, na drodze
mielenia teofiliny z kwasem benzeno-1,3,5-trikarboksylowym (TMSA) na sucho nie byto
mozliwe otrzymanie kokrysztatu TPH-TMSA. Reakcje mechanochemiczne, niezaleznie
od ilosci substancji, czy tez czasu jej prowadzenia, skutkowaly powstaniem innych,
niezidentyfikowanych faz. Rozwigzaniem okazato si¢ dodanie do mieszaniny substratow
niewielkiej ilosci metanolu (Rys. 21.2). Z kolei mielenie kofeiny z kwasem
benzeno-1,2,3-trikarboksylowym (HMLA) bez dodatku wody jako cieklego medium
prowadzito do otrzymania fazy hydratu kokrysztalu CAF-HMLA-H>O (Rys. 22.2). Dzi¢ki
mieleniu teofiliny z kwasem benzeno-1,2,3-trikarboksylowym (HMLA) zaréwno na sucho,
jak 1 z niewielkim dodatkiem wody otrzymano kokrysztat TPH-HMLA, natomiast
nie zaobserwowano fazy (TPH)"-(HMLA)-2H>O jako produktu reakcji mechanochemicznej
(Rys. 22.3).
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Rys. 22. Zestawienie dyfraktogramow proszkowych w uktadach zawierajacych kwas hemimelitowy HMLA jako
koformer. (1) — kokrysztat TBR-HMLA, (2) — hydrat kokrysztalu CAF-HMLA-H,O, (3) — fazy uzyskane na drodze
kokrystalizacji teofiliny z kwasem HMLA, kokrysztat TPH-HMLA oraz hydrat soli (TPH)*(HMLA) -2H>O.
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Tab.

w opisywanych uktadach.

14. Geometria grup karboksylowych zaangazowanych w wigzanie wodorowe COOH:-

: Nimidazol

Kompleks alkaloid — kwas dc-o[A] dco[A] Ad? [A]
TBR-TMSA A 12153) 1,3193) 0,104
BY 1,217(3) 1,315(3) 0,098
TPH-TMSA 1,216(2) 1,3092) 0,093
TPH-TMSA-2H>09 1,2163(16) 1,3166(16) 0,1003
CAF-TMSAY 12173) 1,3193) 0,102
TBR-HMLA 1,202(3) 1,325(3) 0,123
TPH-HMLA 1,231(9)° 1,299(2) 0,068
(TPH)*-(HMLA)"2H20 1,2357(19) 1,2786(19) 0,0429
CAF-HMLA - H:0 1,216(3) 1,3033) 0,097

 warto$¢ obliczona jako Ad = dco - dc-o; ¥ dwie czasteczki teobrominy w asymetrycznej czgéci komorki elementarnej kokrysztatu

TBR-TMSA oznaczone indeksami A i B; © dane dla grupy karboksylowej oddziatujacej z imidazolowym atomem azotu poprzez czasteczke
wody; ¢ dane dla nieuporzadkowanego fragmentu struktury z wigkszym czynnikiem obsadzenia; @ warto$¢ dc—o dla nieuporzadkowanego

karbonylowego atomu tlenu z wigkszym czynnikiem obsadzenia.

Oceng charakteru (molekularnego lub jonowego) otrzymanych ukladow alkaloidéw
purynowych umozliwila analiza okre§lonych parametrow geometrycznych. Z pewnoscia
nalezato okre$li¢ roznicg¢ (parametr Ad) pomiedzy dlugo$ciami wigzan C=O oraz
C-O w ugrupowaniu karboksylowym koformera, biorgcym udzial w tworzeniu wigzania
wodorowego z imidazolowym atomem azotu alkaloidu o charakterze zasadowym (Tab. 14).
Wartos$ci tego parametru dla otrzymanych komplekséw molekularnych mieszcza si¢ w zakresie
od 0,68 A dla TPH-HMLA do 0,123 A dla TBR-HMLA. W kompleksie jonowym
(TPH)"-(HMLA)-2H,O warto$¢ ta wynosi 0,0429 A. Dodatkowo, wybrane parametry
geometryczne pierScienia imidazolowego teofiliny we wspomnianym hydracie soli

jednoznacznie wskazuja na jonowy charakter tego adduktu (Tab. 15).

Tab. 15. Miary wybranych katow walencyjnych o, B, y, opisujacych geometri¢ pier§cienia imidazolowego

w niniejszych uktadach alkaloid — kwas.

Uktad alkaloid — kwas a[°] BI°] v [°]
TBR-TMSA (czasteczka A) 104,5(2) 113,1(2) 106,1(2)
TBR-TMSA (czasteczka B) 104,1(2) 113,0(2) 106,2(2)
TPH- TMSA 104,6(1) 112,3(1) 106,9(1)
TPH-TMSA-2H.O 103,5(1) 113,6(1) 106,1(1)
CAF-TMSA (czynnik obsadzenia 89%) 104,0(2) 112,9(2) 106,1(2)
CAF-TMSA (czynnik obsadzenia 11%) 104(2) 114(2) 107,8(2)
TBR-HMLA 103,6(2) 113,7(2) 105,8(2)
TPH-HMLA 104,1(1) 112,6(1) 106,8(1)
(TPH)*(HMLA)-2H.0 106,26(12) 111,30(13) 107,32(12)
CAF-HMLA-H.O 104,1(2) 113,0(2) 106,0(2)
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Rys. 23. (1) Syntony alkaloid-alkaloid obserwowane w strukturze krystalicznej kompleksow alkaloid — kwas.
(2) Najczesciej obserwowane heterosyntony alkaloid — kwas obserwowane w uktadach alkaloid — kwas.
(3) Najczesciej spotykane dimery kwasoéw karboksylowych w strukturach krystalicznych.'® Liczba struktur
w bazie CSD, w ktorej dany synton wystepuje, zostala podana w kolorze niebieskim.'3* Dane dotyczg struktur
zdeponowanych na dzien publikacji tej analizy (data publikacji pracy A3 z dnia 28.12.2020 r.). (Warunki
wyszukiwania: okre§lone wspotrzedne 3D, struktury ze wskaznikiem rozbieznosci R < 0.1, struktury

bez powaznych btedow, tylko struktury organiczne. Dodatkowym warunkiem przy syntonach z udzialem grupy
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f. CAF-KWAS heterosynton Il
obecny w 6 strukturach
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(TBR: 10, TPH: 49, CAF: 98)
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b. heterosynton kwas
karboksylowy - karbonyl
obecny w 772 strukturach

3)

karboksylowej byto zastosowanie znormalizowanych potozen krancowych atoméw wodoru).
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Do kokrystalizacji z wykorzystaniem kwasow trimezynowego oraz hemimelitowego
jako koformeréw wybrano takie alkaloidy purynowe, jak teobromina, teofilina oraz kofeina.
Na ro6znorodno$¢ w tworzeniu mozliwych oddziatywan niekowalencyjnych miedzy
czasteczkami w opisywanych uktadach zdecydowanie majg wplyw zaréwno polozenie oraz
liczba grup metylowych w czasteczkach alkaloidow purynowych, jak 1 potozenie grup
karboksylowych w czasteczkach koformeréw. Dodatkowo, czasteczka kwasu TMSA jest
ptaska, natomiast w czasteczce HMLA blisko$¢ ugrupowan karboksylowych sprawia,
ze wewnetrzna grupa karboksylowa jest skrecona w stosunku do pier§cienia aromatycznego
tego kwasu (Tab. 16). Wybrane koformery moga tworzy¢ silne wigzania wodorowe tylko
1 wylacznie poprzez grupy karboksylowe, w zwiazku z tym, na etapie projektowania struktur
krystalicznych mozna bylo przewidzie¢ tworzenie si¢ syntonéw supramolekularnych,

nalezacych do 3 gtownych grup:

e homosyntony alkaloid — alkaloid (Rys. 23.1)

e heterosyntony alkaloid — kwas karboksylowy (Rys. 23.2)

e homosyntony oraz heterosyntony, w ktérych atomy grup karboksylowych oddziatuja
niekowalencyjnie migdzy sobg poprzez wigzania wodorowe (Rys. 23.3)

Tab. 16. Geometria wewnetrznej grupy karboksylowej kwasu hemimelitowego (HMLA) w opisywanych

kompleksach alkaloid —- HMLA.

Kompleks alkaloid - HMLA Orientacja wewngtrznej grupy -COOH wzgledem
pierscienia aromatycznego HMLA
TBR-HMLA 97.3(3)°
TPH-HMLA 99.84(16)°
(TPH)"-(HMLA)-2H20 83.14(17)°
CAF-HMLA-H2O 84.1(3)°

Teobromina z wybranymi koformerami tworzy kokrysztaty TBR-TMSA oraz
TBR-HMLA. Spos$rod wszystkich opisanych w tej pracy uktadéw, tylko i wylacznie
w TBR-TMSA zidentyfikowano homosynton alkaloid — alkaloid utworzony z dwodch
czasteczek teobrominy. Dimery TBR-TBR (homosynton II, Rys. 23.1b), obecne w sieci
krystalicznej TBR-TMSA, wystepuja rowniez w strukturze czystej teobrominy. Co ciekawe,
tworzenie si¢ homosyntonu TBR-TBR I (Rys. 23.1a) w obecnosci grupy karboksylowej jest
bardziej uprzywilejowane niz homosyntonu II, natomiast zastosowanie kwasu trimezynowego
jako koformera nie spowodowato rozerwania wigzan wodorowych w dimerze amid — amid.
Podobng sytuacje obserwuje si¢ po zastosowaniu kwasu 4-hydroksybenzoesowego oraz

2,6-dihydroksybenzoesowego jako koformerow do kokrystalizacji teobrominy. Czasteczki
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TMSA oddziatlujg niekowalencyjnie z czasteczkami alkaloidow poprzez wigzania wodorowe
COOH-"* *Nimidazol (Rys. 23.2g) oraz O-H:--O z udzialem egzo-karbonylowego atomu tlenu,
ktéry nie bierze udzialu w tworzeniu homosyntonu TBR-TBR (homosynton TBR-KWAS 111,
Rys. 24a). Dodatkowo, czasteczki kwasow 1aczg si¢ niekowalencyjnie poprzez oddzialywania

O-H:-- -0, tworzac heterodimery (Rys. 23.3b).
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zdeponowanych struktur obecny w 140 strukturach

Rys. 24. Inne syntony zidentyfikowane w opisywanych kokrysztatach teobrominy. Wigzania wodorowe pomi¢dzy

grupami hydroksylowymi zaznaczono czerwong przerywang linia.

Zastosowanie kwasu hemimelitowego do kokrystalizacji teobrominy powoduje
rozerwanie wigzan wodorowych N-H:--O mi¢dzy ugrupowaniami amidowymi tego alkaloidu.
Dochodzi do utworzenia heterosyntonu I TBR-KWAS (Rys. 23.2a) z udzialem atomu tlenu
grupy egzo-karbonylowej TBR oraz zewnetrznej grupy karboksylowej HMLA. Analiza danych
CSD pokazata, ze w przypadku rozerwania wigzanh amidowych miedzy czasteczkami
teobrominy, grupa karboksylowa chetniej tworzy heterosynton II TBR-KWAS (Rys. 23.2b),
anizeli I, obserwowany w kokrysztale TBR-HMLA. W tym przypadku atom tlenu grupy
endo-karbonylowej nie bierze udzialu w tworzeniu silnych niekowalencyjnych oddziatywan.
W tworzeniu wigzania wodorowego COOH: - -Nimidazol Zaangazowana jest wewnetrzna grupa
karboksylowa HMLA (Rys. 23.2g). Nieoczekiwanie, w opisywanej strukturze,
zidentyfikowano rzadko wystepujacy dimer kwas-kwas (dimer hydroksylowy, Rys. 24b),
w ktorym grupy hydroksylowe, petnigc role zaréwno donora, jak 1 akceptora,
sa odpowiedzialne za tworzenie silnych oddziatywan miedzy tymi grupami'®®. Ten typ dimeru
znaleziono jedynie w strukturze 140 zdeponowanych uktadéow w bazie CSD, z czego jedynie
w 56 z nich grupy karbonylowe znajduja si¢ po jednakowej stronie tworzonego wigzania
wodorowego.!* Dimer ten w 32 przypadkach ma symetrie C2, a sposrdd nich 10 uktadow

krystalizuje w grupie przestrzennej C2/c, tak jak kokrysztat TBR-HMLA.

Teofilina, w zalezno$ci od warunkoéw prowadzenia kokrystalizacji, w potaczeniu

z kwasem benzeno-1,3,5-trikarboksylowym (TMSA), tworzy albo kokrysztat TPH-TMSA albo
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hydrat kokrysztatu TPH-TMSA-2H>0. Co ciekawe, na 6wczesnym etapie badan, w bazie CSD
odnaleziono jedynie 3 kwasowe koformery, ktére tworzg z teofiling zar6wno bezwodny,
jak 1 uwodniony kompleks molekularny (Tab. 17). W obu opisywanych formach nie tworzy si¢
homosynton pomigdzy dwiema czasteczkami teofiliny (Rys. 23.1c). W strukturach
krystalicznych  TPH-TMSA oraz TPH-TMSA-2H,O obserwuje si¢ z kolei cykliczny
heterosynton I TPH-KWAS (Rys. 23.2¢). Synton COOH:" - Nimidazol (Rys. 23.2¢g) obserwowany
jest tylko w kokrysztale TPH-TMSA. W strukturze TPH-TMSA-2H>O woda stanowi mostek
pomiedzy imidazolowym atomem azotu teofiliny a ugrupowaniem karboksylowym (Rys. 25a).
Cykliczny homodimer kwasu karboksylowego (Rys. 23.3a) jest obecny w TPH-TMSA-2H,0,
natomiast w TPH-TMSA wigzania wodorowe O-H:--O=C tworza heterosyntony z udzialem

ugrupowan karboksylowych (Rys. 23.3b).

Tab. 17. Koformery, ktéore w potaczeniu z teofiling, w zaleznosci od warunkéw kokrystalizacji, prowadza

do otrzymania zaréwno kokrysztatu, jak 1 hydratu kokrysztatu.

Koformer Wartoé¢ pKa | Stosunek stechiometryczny Stosunek stechiometryczny
koformera sktadnikéw w formie bezwodnej® | sktadnikéw w formie uwodnionej”

Kwas antranilowy 2,108 2:3170 3:2:4 and 2:1:4'7°

Kwas 3,32 1:11%° 1:1:1'7

2,4-dihydroksybenzoesowy

Kwas cytrynowy 3,15 1:194 1:1:14

a) stechiometria kokrysztatu teofilina-kwas; b) stechiometria uktadu teofilina-kwas-woda; c) powstanie kokrysztatu teofiliny z kwasem
cytrynowym zostalo potwierdzone na podstawie pomiaréw PXRD, ale natrafiono na trudnosci w wyhodowaniu krysztaltdéw do pomiaru,

a stechiometria 1:1 jest hipotetyczna.

J~o.

0 “H
/

(@] !_| \
>N N H o.
fI» o i
0“>N""N._ H 0 H
| \H—O\"H \N N
o Zﬁf>
o} rr N
b) TPH-KWAS

a) zmodyfikowan
) v y zmodyfikowany heterosynton |
synton COOH"Nimidazol nie znaleziono w

obecny w 2 strukturach zdeponowanych strukturach

Rys. 25. Specyficzne heterosyntony zidentyfikowane w uktadach teofilina — kwas, w ktorych tworzenie
zaangazowana jest czasteczka wody.

Zastosowanie kwasu hemimelitowego do kokrystalizacji teofiliny rowniez prowadzi
do otrzymania dwoéch réznych form krystalicznych — zarowno kokrysztatu TPH-HMLA, jak
i hydratu soli (TPH)'-(HMLA)-2H,O. Interesujgcym jest fakt, ze nie znaleziono ani
w literaturze ani w bazie krystalograficznej CSD przyktadu koformera, ktorego kokrystalizacja

z wykorzystaniem teofiliny prowadzitaby do otrzymania kompleksu molekularnego lub
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kompleksu jonowego w zaleznos$ci od warunkow procesu. W obu formach nie obserwuje
si¢ homosyntonow supramolekularnych. W kokrysztale TPH-HMLA wyste¢puje typowy synton
COOH-"*Nimidazol (Rys. 23.2g) oraz cykliczny heterosynton I TPH-KWAS (Rys. 23.2c¢).
W tworzeniu obu tych oddzialywan biorg udzial zewnetrzne grupy karboksylowe kwasu.
Wewnetrzna grupa COOH stanowi donor wigzania wodorowego O-H---O dla
endo-karbonylowego atomu tlenu teofiliny (heterosynton TPH-KWAS II, Rys. 23.2d).
W przeciwienstwie do kokrysztatu TPH-HMLA, w stosunku do ktérego nietrudno bylo
przewidzie¢ tworzenie si¢ wspomnianych wyzej syntonow supramolekularnych, w jonowym
kompleksie (TPH)"(HMLA)-2H>O sie¢ wigzah wodorowych jest znacznie bardziej
skomplikowana. W wigzaniu wodorowym COO7™---H-Nimidazol powstalej soli bierze udziat
wewngtrzna grupa karboksylowa kwasu HMLA. Cykliczny heterosynton I TPH-KWAS (Rys.
23.2¢), obserwowany w dotychczas omoéwionych trzech uktadach zawierajacych teofiling, tutaj
zostal zmodyfikowany poprzez wilaczenie si¢ czasteczki wody (Rys. 25b). W tym uktadzie,
ze wzgledu na obecnos$¢ grup COO~oraz COOH, mozna bylo spodziewac si¢ wystgpienia
dimeru kwas karboksylowy — anion karboksylowy (Rys. 26a). W tym uktadzie wystepuje

wersja tego dimeru z wbudowang czasteczka wody (Rys. 26b).

@] 0
a) b)
obecny w 1583 obecny w 117
strukturach strukturach

Rys. 26. Dimer kwas karboksylowy — anion karboksylowy oraz jego odpowiednik z wbudowana czasteczka wody.
Kofeina z kwasem trimezynowym tworzy kokrysztat CAF-TMSA, natomiast kofeina
z kwasem hemimelitowym tworzy hydrat kokrysztatu CAF-HMLA-H20. W obu uktadach,
zgodnie z przewidywaniami, jedna z grup karboksylowych jest zwigzana niekowalencyjnie
z imidazolowym atomem azotu poprzez oddziatywanie COOH: -Nimidazol (Rys. 23.2¢g), podczas
gdy w kompleksie kofeiny z kwasem hemimelitowym to wewngtrzna grupa karboksylowa
bierze udzial w tworzeniu tego wigzania wodorowego. Egzo- oraz endo-karbonylowe atomy
tlenu przy pirymidynowym pierscieniu kofeiny nie biorg udzialu w tworzeniu odpowiednio
heterosyntonéw I 1 I CAF-KWAS poprzez silne wigzania wodorowe (Rys. 23.2¢ i 23.2f).
W kokrysztale CAF-TMSA powstaja klasyczne homodimery R%(8) kwasu karboksylowego
(Rys. 23.3a). W ukladzie CAF-HMLA-H>O w niekowalencyjne oddziatywania miedzy
grupami karboksylowymi wlacza si¢ woda, tworzac cykliczne syntony R3(10) (Rys. 27).
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Rys. 27. Cykliczny synton R3(10) ztozony z wigzah wodorowych utworzonych z udziatem dwéch grup
karboksylowych oraz czasteczki wody.

Stacjonarne pomiary absorpcyjne w zakresie UV-Vis pozwolity okresli¢ wptyw
kokrystalizacji wybranych alkaloidow purynowych na ich rozpuszczalno$¢ w wodzie.
Za przeprowadzenie tych pomiarow dla uzyskanych ukladéw alkaloid — kwas oraz udziat
w dyskusji wynikow byla odpowiedzialna mgr Daria Larowska-Zarych, ktora zaproszono
do wspodlpracy przy niniejszym projekcie. Wyniki niniejszych badan zostaly zestawione

w Tabeli 18.

Tab. 18. Rozpuszczalno§¢ w wodzie otrzymanych uktadéw teobrominy, teofiliny oraz kofeiny z kwasami TMSA

oraz HMLA.

Alkaloid-kwas Rozpuszczalnos¢ | Rozpuszczalno§é | Poprawa rozpuszczalnosci
alkaloidu w wybranego uktadu | w wodzie wybranego
wodzie, mol-L! | w wodzie, mol-L! | uktadu wzglgdem alkaloidu

TBR-TMSA 0,00183%7 0,000897 x 0,5

TBR-HMLA 0,006046 %33

TPH-TMSA 0,0457%3 0,005303 x 0,12

TPH-TMSA-2H.0 0,004715 x 0,1

TPH-HMLA 0,0246 x 0,5

(TPH)"-(HMLA) -2H20 0,347 x 7,6

CAF-TMSA 0,11878 0,003388 % 0,03

CAF-HMLA-H>O 0,0115 x 0,1

Kokrystalizacja teobrominy z kwasem benzeno-1,3,5-trikarboksylowym (TMSA)
spowodowata 2-krotny spadek rozpuszczalnosci tego alkaloidu w wodzie. Zastosowanie kwasu
benzeno-1,2,3-trikarboksylowego jako koformera doprowadzito z kolei do otrzymania

kokrysztatu ponad 3-krotnie lepiej rozpuszczalnego w wodzie w porownaniu do teobrominy.

Wielosktadnikowe kompleksy ztozone z teofiliny oraz kwasu trimezynowego,
tj. TPH-TMSA oraz TPH-TMSA-2H>0 maja poréwnywalng rozpuszczalno$¢ wodzie. W ich
przypadku obserwuje si¢ odpowiednio prawie 9- i1 10-krotny spadek rozpuszczalnosci
w stosunku do czystej teofiliny. Zastosowanie kwasu hemimelitowego przyczynito si¢
do otrzymania ukladow lepiej rozpuszczalnych - kokrysztatu TPH-HMLA oraz hydratu soli
(TPH)"(HMLA) -2H>O. Kokrysztal TPH-HMLA jest jednak dalej gorzej rozpuszczalny

w wodzie (2-krotnie) niz teofilina. Najlepiej rozpuszczalnym, sposrod opisanych w tym miejscu
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ukladow z teofiling, jest (TPH)"-(HMLA) -2H,0, ktory prawie 8-krotnie lepiej rozpuszcza

si¢ w wodzie niz czysty alkaloid.

Oba kompleksy kofeiny sg gorzej rozpuszczalne w wodzie niz czysty alkaloid, jednak
kompleks CAF-HMLA-H;O, zawierajacy kwas HMLA, jest lepiej rozpuszczalny
od kokrysztatu CAF-TMSA. Na podstawie uzyskanych wynikow mozna stwierdzi¢, iz uktady,
w ktorych zastosowano HMLA jako koformer, sg lepiej rozpuszczalne w wodzie w porownaniu

do uktadow, gdzie role koformera petni kwas TMSA.
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3. Podsumowanie

Badania zrealizowane w ramach niniejszej rozprawy doktorskiej pozwolity
na opracowanie sposobu kokrystalizacji prowadzacej do otrzymania nowych krystalicznych
kompleksow molekularnych wybranych alkaloidow purynowych, takich jak teobromina,
teofilina oraz kofeina, z odpowiednio dobranymi koformerami. Rentgenowska analiza
strukturalna pozwolita na ocen¢ wptywu migdzyczasteczkowych oddziatywan na stabilizacje
struktury oraz asocjacje czasteczek w fazie stalej. Opracowane warunki kokrystalizacji droga
powolnego odparowania pozwolity na uzyskanie dobrych monokrysztatow, ktére poddano
pomiarom rentgenowskim, a na podstawie uzyskanych danych rozwigzano i udoktadniono
strukture 18 krystalicznych uktadow wielosktadnikowych. Wynikiem prac bylo otrzymanie
11 kokrysztatow, 4 hydratow kokrysztalow, 1 soli oraz 2 hydratow soli. Struktury krystaliczne
komplekséw alkaloidow purynowych zostaty zdeponowane w krystalograficznej bazie danych

Cambridge Structural Database.

Lokalizacja atomu wodoru grupy karboksylowej czasteczki koformera, ktora tworzy
wigzanie wodorowe najczesciej z imidazolowym atomem azotu, byla bardzo waznym, ale nie
jedynym wyznacznikiem wskazujagcym, czy mamy do czynienia z kokrysztatem, czy z sola.
Drugie kryterium jest oparte na analizie roznicy dtugo$ci wigzan C-O oraz C=0, dzigki ktorej
w fatwy sposob mozna oceni¢, czy mamy do czynienia z ugrupowaniem karboksylowym czy
karboksylanowym. Ponadto, zaobserwowano wyrazng réznice miar wybranych katow
walencyjnych pier§cienia imidazolowego, co pozwolito jednoznacznie stwierdzi¢, czy mamy

do czynienia z neutralng, czy kationowg postacig alkaloidow purynowych w krysztatach.

Zaprojektowano rowniez syntezy mechanochemiczne, prowadzace do otrzymania
uktadoéw, zawierajacych wybrane alkaloidy purynowe. Mielenia prowadzono w czasie
od 30 do 45 minut w warunkach bezrozpuszczalnikowych lub z niewielkim dodatkiem
rozpuszczalnika, co wpisuje si¢ w ramy tzw. ,.zielonej chemii”. Identyfikacj¢ fazowa cial
stalych, bedacych produktami powyzszych reakcji, umozliwita dyfraktometria proszkowa.
Znajomos¢ struktury krystalicznej umozliwita wygenerowanie teoretycznych dyfraktogramow

proszkowych, co znacznie ulatwito potwierdzenie otrzymania danej fazy.

Wyniki wspoéltkrystalizacji teobrominy z koformerami, be¢dgcymi mono- oraz
dihydroksylowymi pochodnymi kwasu benzoesowego przedstawiono w publikacjach
Al, A2 oraz A4. Teobromina w polaczeniu z kwasami 2-hydroksy-, 3-hydroksy-,
2,4-dihydroksy-, 2,5-dihydroksy-, 3,4-dihydroksy- oraz 3,5-dihydroksybenzoesowymi tworzy
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kokrysztalty w stosunku stechiometrycznym 1:1. Kokrystalizacja tego alkaloidu z kwasami
4-hydroksy- oraz 2,3-dihydroksybenzoesowym prowadzi do hydratow kokrysztatow
w stosunku stechiometrycznym odpowiednio 1:2:1 oraz 1:1:1. Podczas kokrystalizacji
teobrominy z kwasem 2,6-dihydroksybenzoesowym obserwuje si¢ transfer protonu, w wyniku
czego, w zalezno$ci od warunkéw prowadzenia procesu, powstaje sol (1:1) lub monohydrat soli
(1:1:1). Dominujaca rolg w stabilizacji sieci krystalicznej wyzej wymienionych uktadow
teobromina — kwas odgrywaja silne wigzania wodorowe N-H---O, O-H:--N oraz O-H:--O.
Rentgenowska analiza strukturalna wykazala dominujacy udzial grupy karboksylowe;j
koformerow w tworzeniu syntonu Bl z zasadowym imidazolowym atomem azotu danego
alkaloidu (Rys. 28). Sposrdod 10 struktur az w 9 tworzy si¢ omawiane oddziatywanie, z czego
w dwoch przypadkach obserwuje si¢ efekt migracji protonu i utworzenie soli (teobromina —
kwas 2,6-dihydroksybenzoesowy). Synton B2 obserwuje si¢ jedynie w hydracie teobromina —
kwas 4-hydroksybenzoesowy, co wynika z formowania si¢ homosyntonow kwas karboksylowy

— kwas karboksylowy, co jest rzadkosciag w obecno$ci zasadowego atomu azotu.
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Rys. 28. Czestos¢ wystepowania syntonu B1 w stosunku do syntonu B2 w uktadach teobromina — kwas.
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Rys. 29. Poréwnanie czestosci wystgpowania homosyntondéw teobromina — teobromina w otrzymanych uktadach

teobromina — kwas.

Podczas projektowania wielosktadnikowych uktadow teobromina — kwas nalezy
rowniez bra¢ pod uwage mozliwos$¢ tworzenia si¢ dimerow amid — amid pomiedzy dwiema
czasteczkami tego alkaloidu. W zdeponowanych do tej pory w bazie krystalograficznej CSD

uktadach teobromina — kwas karboksylowy obserwuje si¢ preferencyjne formowanie
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homosyntonu A2 z udzialem egzo-karbonylowego atomu tlenu. Badania z wykorzystaniem

hydroksylowych pochodnych kwasu benzoesowego pokazaty t¢ sama tendencjg.

Atomy tlenu grup karbonylowych, obecne przy pierScieniu pirymidynowym
teobrominy, stanowig dobre akceptory wigzan wodorowych. Grupy hydroksylowe obecne
w czasteczkach koformeréw réwniez moga tworzy¢ z tymi grupami silne wigzania wodorowe.
Zaobserwowano wyrazng preferencje atomow tlenu grupy endo-karbonylowe;j
do niekowalencyjnego taczenia si¢ z grupami hydroksylowymi. Z kolei atomy tlenu czasteczek
wody rownie chetnie tworzg wigzania wodorowe zaréwno z atomem tlenu endo-, jak
1 egzo-karbonylowym (Rys. 30). W uktadach, w ktoérych nie tworzy si¢ dimer amid — amid
migdzy czasteczkami teobrominy, grupa N-H przy pierScieniu pirymidynowym petni rolg
donora protonu cze¢sciej do atomu tlenu grupy hydroksylowej, anizeli do atomu tlenu czasteczki

wody, co przedstawiono na Rys. 31.
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Rys. 30. Heterosyntony z udzialem grup endo- (syntony Cl oraz C2) i egzo-karbonylowych (synton C3)

wraz z czestoscig ich wystepowania w obserwowanych uktadach teobromina — kwas.
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Rys. 31. Heterosyntony D1 oraz D2 z udzialem pirymidynowego atomu azotu teobrominy wraz z czgsto$cia

ich wystepowania w obserwowanych uktadach teobromina — kwas.

Stwierdzono pozytywny wptyw kokrystalizacji teobrominy z zastosowaniem
mono- oraz dihydroksylowych pochodnych kwasu benzoesowego na rozpuszczalnosé
teobrominy w wodzie. Kokrysztal TBR-2HBA jest najlepiej rozpuszczalny sposrod
otrzymanych ukladoéw teobrominy z zastosowaniem kwaséw monohydroksybenzoesowych.

Sposréd kompleksow molekularnych z kwasami dihydroksybenzoesowymi, to kwas
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3,5-dihydroksybenzoesowy przyczynil si¢ do najwickszego wzrostu rozpuszczalnosci tego
alkaloidu (ponad 14-krotnego). Najwigksza poprawg tego parametru (ponad 51-krotng)
obserwuje si¢ w hydracie soli (TBR-H)"-(26DHBA)-H>O. Badania TGA oraz DSC wykazaty
wysoka stabilno$¢ termiczng opisywanych ukladow TBR — kwas. Temperatura topnienia
prawie wszystkich kokrysztatow znajduje si¢ w przedziale pomiedzy temperaturg topnienia
koformera oraz teobrominy. Jedynie kompleks TBR-23DHBA -H>O ulega rozktadowi w nizszej

temperaturze niz sam koformer oraz teobromina.

W pracy A3 opisano krystaliczne uktady wielosktadnikowe, powstate poprzez
kokrystalizacje teobrominy (TBR), teofiliny (TPH) oraz kofeiny (CAF) z kwasami
1,3,5- (TMSA) oraz 1,2,3-benzenotrikarboksylowym (HMLA). Otrzymano pi¢¢ kokrysztalow
(TBR-TMSA, TBR-HMLA, TPH-TMSA, TPH-HMLA, CAF-TMSA), dwa hydraty
kokrysztatow (TPH-TMSA-2H,0, CAF-HMLA-H>0) oraz hydrat soli
(TPH)"-(HMLA)-2H,0. Ustalono warunki otrzymywania kompleksow molekularnych
zarowno na drodze kokrystalizacji z roztworu, jak 1 reakcji mechanochemiczne;.
Monokrysztaly (TPH)"-(HMLA)-2H>O otrzymano na drodze kokrystalizacji roztworu, jednak
nie udalo si¢ wustali¢ warunkow powtarzalnej syntezy tego kompleksu jonowego.

Nie zidentyfikowano réwniez tej fazy jako produktu reakcji mechanochemiczne;.

Na podstawie rentgenowskiej analizy strukturalnej zidentyfikowano szereg syntonow
supramolekularnych, ktére podzielono na trzy grupy: homosyntony alkaloid — alkaloid,
heterosyntony alkaloid — kwas karboksylowy oraz homo- lub heterosyntony, w ktorych udziat
biorag ugrupowania karboksylowe. Omoéwiono i1 poréwnano czestos¢ ich wystepowania
w zdeponowanych juz uktadach alkaloid — kwas karboksylowy w bazie CSD. Badania
te pokazaty, w jaki sposéb niewielkie zmiany strukturalne, takie jak liczba oraz podstawienie
grup metylowych w czasteczkach alkaloidach purynowych, jak i wzajemne utozenie grup
karboksylowych w czasteczkach koformeréw wplywa na tworzenie si¢ rdéznorodnych
motywow wigzan wodorowych, co jest istotne juz na etapie projektowania tego typu
kompleksow. Wykazano rowniez wigkszy potencjal kwasu hemimelitowego jako koformera
do poprawy rozpuszczalno$ci w wodzie alkaloidéw purynowych w stosunku do kwasu
trimezynowego. Spos$rod otrzymanych uktadow lepiej rozpuszczalnymi w wodzie
w porownaniu do czystych alkaloidow sa kokrysztal TBR-HMLA oraz dihydrat soli
(TPH)"-(HMLA) -2H,0.

Powyzsze badania stanowig powazny wklad w chemii supramolekularnej oraz inzynierii
krystalicznej alkaloidow purynowych, ze szczegdélnym uwzglednieniem teobrominy, oraz
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wzbogacity wiedz¢ na ten temat. Przed rozpoczgciem badan nad kokrysztatami TBR, w bazie
CSD zdeponowanych byto jedynie 14 wielosktadnikowych uktadow krystalicznych,
zawierajacych ten alkaloid. Niewielka liczba depozytéw prawdopodobnie zwigzana byla
z trudnos$ciami natury eksperymentalnej, ktoére pojawity si¢ w szczegdlnosci na etapie syntezy
supramolekularnej. Jednoczes$nie prowadzone prace nad otrzymaniem monokrysztalow, jak
1 ustaleniem warunkéw syntezy mechanochemicznej doprowadzity do 12 nowych faz,
zawierajacych teobroming. Przeprowadzone badania podstawowe nie tylko wzbogacity baze
krystalograficzng, ale moga otworzy¢ droge do dalszych prac nad wprowadzeniem teobrominy

na rynek farmaceutyczny.
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Theobromine, an organic compound from the purine alkaloid group, is much less soluble in polar solvents
than its analogues, i.e. caffeine and theophylline, that is why it has been used as an active pharmaceutical
ingredient (API) model in cocrystal preparation. A series of theobromine (TBR) cocrystallization processes
from solutions with such coformers as 2-hydroxybenzoic acid (2HBA), 3-hydroxybenzoic acid (3HBA) and
4-hydroxybenzoic acid (4HBA) were carried out. In addition, neat grinding and liquid-assisted grinding were
performed. The obtained cocrystals TBR-2HBA and TBR-3HBA as well as TBR-2(4HBA)-H,O cocrystal
monohydrate have been characterized by single crystal X-ray diffraction (SXRD), PXRD, UV-vis and STA
(TGA/DSC) analyses. In all cases no proton transfer from the acid molecule to the imidazole nitrogen atom
in theobromine was observed. TBR-acid heterosynthons are sustained by N---H-O interactions, where pro-
ton donors in TBR-2HBA and TBR-3HBA are carboxylic groups, and in TBR-2(4HBA)-H,O the proton donor
Received 30th June 2019, is the hydroxyl group of the acid molecule. In each cocrystal, TBR-TBR homosynthon R2(8) formation by
Accepted Sth August 2019 N-H---O hydrogen bonds was observed. Acid-acid dimers are created only in the crystal lattice of TBR
-2(4HBA)-H,0. In the obtained cocrystals, similar supramolecular synthons were observed, such as in the-
ophylline and caffeine cocrystals with the same coformers. C-H---O and =n--'n forces present in the de-
rsc.li/crystengcomm scribed structures are responsible for 2D and 3D structure stabilization.

DOI: 10.1039/c9ce01020c

1. Introduction case, improvement of the physicochemical properties such as
solubility, stability, permeability or tabletability is crucial
The term “coerystal” was used for the first time by Friedrich ~ from the perspective of drug companies. The long times
Wohler in 1844 for quinhydrone, which consists of quinone  needed for introducing drugs on the market are usually
and hydroquinone." Cocrystals can be defined as homoge-  connected with higher costs for pharmaceutical companies. A
neous solids, composed of two or more substances (molecular  lot of methods like particle size reduction,” nanoparticle for-
and/or ionic) with a well-defined stoichiometric ratio, except ~ mation,® encapsulation® self-emulsifying drug delivery system
simple salts and solvates. Their components have to be solids ~ (SEDDS),"” salt formation,"" complexation,'” etc. can be used
under ambient conditions.” In 2004, a subgroup of cocrystals ~ to improve the solubility of APIs in water. Moreover,
was defined, where one of the components is an active phar-  cocrystallization of APIs with selected coformers is also used to
maceutical ingredient (API).” A new drug has to undergo a se-  improve the medicine’s properties."”® Cafcit (caffeine cit-
ries of clinical trials, before it is placed on the market. Unfor-  rate),'™"” Steglatro (ertugliflozin 1-pyroglutamic acid)'®"” and
tunately, a lot of medicines (60-70%), which have good  Lexapro (escitalopram oxalate)'®'” are examples of medicine
pharmacological properties, are characterized by poor aque-  cocrystals. When it comes to the advantages of this method,
ous solubility, which results in poor bioavailability.* ® In this ~ APIs can exist in a stable crystalline form and their pharma-
cological activity is maintained while improving the physico-
chemical properties.
Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznariskiego 8, Theobromine is an organic compound, which belongs to
61-614 Pa%naﬁ, Poland. E—nm.il: mateu.ngaldyn@ar‘nu.edu.pl ) the purine alkaloid group. It is present in cacao, yerba mate,
T'E.lectrfmlc supplementary information (ESI) available: Steady-state absorption kola nut, the guarana berry and the tea p]ant.zo It is one of
calibration curves of TBR-2HBA, TBR-3HBA and TBR-2(4HBA)H,0. CCDC ?
1934751, 1934758 and 1934759, For ESI and crystallographic data in CIF or other  the metabolites formed in the human liver as a result of caf-
electronic format see DOI: 10.1039/c9¢e01020¢ feine demethylation.>' Tt affects the nervous system (cAMP

This journal is © The Royal Society of Chemistry 2019 CrystEngComm, 2019, 21, 5721-5732 | 5721
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deactivation). It is a vasodilator and heart stimulant and it
has diuretic properties.”” For these reasons, it can be classi-
fied as an API but currently it is rarely used in the pharma-
ceutical industry. Although the theobromine molecule is
structurally similar to paraxanthine, theophylline and caf-
feine, it is less soluble in water than them (0.33 g L™* for
theobromine, 1 g L™* for paraxanthine, 7.4 g L™ for theophyl-
line, and 21.6 g L™ for caffeine).*® That is why theobromine
was chosen as an API model for cocrystallization and as a re-
sult, its solubility in water can be improved. Mono-
hydroxybenzoic acids were used as coformers, because they
have proton-donor groups. Our choice is also related to an
earlier use of these coformers for theophylline and caffeine
cocrystallization (Fig. 1).>*2°

In this paper, two cocrystals of theobromine (TBR) with
2-hydroxybenzoic acid (2HBA) and 3-hydroxybenzoic acid
(3HBA), and a cocrystal hydrate with 4-hydroxybenzoic acid
(4HBA) were reported.

All of these solids were obtained by slow evaporation from
different solutions and they were analyzed by a single-crystal
X-ray diffraction method. Steady-state UV-vis spectroscopy was
used to determine the cocrystal solubility. Additionally, simul-
taneous thermal analysis (STA) measurement was carried out.

2. Experimental section
2.1. Materials

TBR (99%) was purchased from Swiss Herbal Institute. 2HBA
(=99%), 3HBA (99%) and 4HBA (>99%) were obtained from
Sigma-Aldrich. Hydroxybenzoic acids were used for cocrystalli-
zation without purification. Methanol was purchased from
Chempur and ethanol from Stanlab. In all absorption experi-
ments, Millipore distilled water (18 M( cm) was used.

2.2. Crystallographic database CSD search

To date, 31 different structures containing theobromine have
been reported and they are available in the Cambridge Struc-
tural Database.?® 10 of them contain carboxylic acid, such as
5-chlorosalicylic acid (CSATBR), oxalic acid (GORGUR),
trifluoroacetic acid (HIJYAB), malonic acid (HIJYEF), gallic
acid (MUPPET), acetic acid (NURYUV), salicylic acid
(RUTHEV), anthranilic acid (ZIZRUX and ZIZRUX01), and
4-hydroxy-3-methoxybenzoic acid (ZOYBOG). Only five of them
are composed of theobromine and a benzoic acid derivative:
CSATBR, MUPPET, RUTHEV, ZIZRUX, and ZOYBOG. The
ConQuest program was used for searching deposited struc-
tures containing theobromine.”*?’

0] COOH
/  COOH COCH
N
HN OH
1L O QL
N
0 T OH
OH
TBR 2HBA 3HBA 4HBA

Fig.1 Theobromine and monohydroxybenzoic acids.
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2.3. Cocrystal preparation

2.3.1. Cocrystallization by slow evaporation from solution.
Single crystals of TBR-2HBA and TBR-3HBA were obtained by
slow evaporation from ethanol-water solution, and TBR
-2(4HBA)-H,O crystals from methanol-water solution. We used
stoichiometric ratios of theobromine and the particular mono-
hydroxybenzoic acid. TBR (16.1 mg, 0.09 mmol) with 2HBA
(12.5 mg, 0.09 mmol), TBR (17.5 mg, 0.097 mmol) with 3HBA
(13.4 mg, 0.097 mmol) and TBR (13.5 mg, 0.075 mmol) with
4HBA (20.7 mg, 0.15 mmol) were dissolved by heating and stir-
ring, respectively. Monocrystals were obtained by slow evapora-
tion of filtrates under ambient conditions within 3-5 days.

2.3.2. Cocrystallization by grinding. Substance cogrinding
was carried out in stainless steel milling jars, where the stoi-
chiometric amounts of theobromine with the given acid and
two 6 mm stainless steel balls were placed inside. TBR (16.0
mg, 0.089 mmol) with 2HBA (12.5 mg, 0.091 mmol) and TBR
(17.8 mg, 0.099 mmol) with 3HBA (13.7 mg, 0.099 mmol)
were subjected to neat grinding, respectively. TBR (12.0 mg,
0.067 mmol) and 4HBA (18.5 mg, 0.134 mmol) were co-
ground with the addition of 20 pl of water. Milling was
performed using an oscillatory ball mill Retsch MM300 for 45
minutes at a frequency of 25 Hz.

2.4. Single-crystal X-ray diffraction (SXRD)

X-ray diffraction data were collected on an Oxford Diffraction
SuperNova diffractometer equipped with a CuKo radiation
source (4 = 1.54178 A) and with a Cryojet cooling system.
CrysAlisPro®® and CrysAlisRed” were used for data collection
and data reduction, respectively. Multi-scan absorption correc-
tion was applied to the diffraction data.’® Olex2 software was
used as an interface to facilitate the solution, refinement and
structural analysis.”* The structures were solved using intrinsic
phasing with SHELXT-2015 and were refined with SHELXL-2015
software.* For non-hydrogen atoms, refinements were carried
out with anisotropic atomic displacement parameters. All hy-
drogen atoms were derived from a difference Fourier map and
they were refined isotropically. In TBR-2(4HBA)-H,0, hydrogen
atoms of two carboxyl groups are disordered over two positions
and they were refined with restraints (occupancies 0.5 for H1C
and H2C atoms, 0.25 for H1D and 0.75 for H2D atoms). The
extinction coefficient was applied in the refinement of
TBR-2HBA and TBR-3HBA structures. The ecrystallographic
data and refinement details are presented in Tables 1 and 2.

2.5. Powder X-ray diffraction (PXRD)

Powder samples of components and cocrystals synthesized by
grinding and by slow evaporation from solution were mea-
sured on an Oxford Diffraction Xcalibur diffractometer with a
MoKa radiation source (2 = 0.71073 A) at room temperature.
The main goal of using the grinding method was to test this
technique as an alternative way for this cocrystal synthesis.
Experimental conditions: scanning intervals, 5-50° (26); step
size, 0.01° and time per step, 0.5 s. CrysAlisPro”® was used
for data collection. The experimental and calculated powder

This journal is © The Royal Society of Chemistry 2019
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Table 1 Cocrystal detection wavelengths

Detection wavelength (1ge)

TBR-2HBA 320
TBR-3HBA 310
TBR-2(4HBA)-H,0 300

patterns from the crystal structures were analyzed using Kdif
software.**

2.6. Solubility studies of cocrystals by steady-state absorption
spectroscopy

Steady-state UV-vis spectroscopy was used to determine the
cocrystal solubility in distilled water. The powdered samples
of cocrystals obtained by cocrystallization from solution were
used for measurements. UV-vis absorption spectra were
recorded using a two-beam spectrometer Cary 100 UV-vis
scanning from 200 to 800 nm with 1 nm increments. Quartz
cells with an optical length of 10 mm were used. Calibration
curves of every cocrystal were prepared (Fig. S1f). Substance
concentrations versus absorbance of the substance at detec-

Paper

tion wavelength (Table 1) were plotted. A linear relationship
was obtained and the slope was calculated from the graph.

To determine the solubility of the cocrystals, saturated
aqueous solutions of each were prepared. The absorbance at
detection wavelength (l4.) was measured and the concentra-
tion of the substance was calculated by applying the follow-
ing relationship:

absorbance at detection wavelength (4, )

(1)

[substance] =
slope

2.7. Simultaneous thermal analysis (STA)

The thermal properties of the samples were characterized
using a STA analyser (Perkin-Elmer STA6000). The sample
measurements were carried out under a nitrogen atmosphere

from room temperature to 400 °C at 10 °C min "

3. Results and discussion

In this paper, three solids containing theobromine and
monohydroxybenzoic acids are presented. This dimethyl-
xanthine cocrystallizes with 2HBA and 3HBA (1:1) as co-

Table 2 Crystallographic data and experimental details for 1, 2 and 3 cocrystals

1 2 3
TBR-2HBA TBR-3HBA TBR-2(4HBA)-H,0O
Deposition number 1934751 1934758 1934759

Molecular formula

Formula weight, g mol !

Crystal system
Space group
a, A

b, A

¢, A

o °

B e

7o

v, &

YA

#(000)

Dy, gem™!
Radiation, A
#, mm*

T, K

Crystal size, mm’

26 range for data collection, ©

Index ranges (k, k, [)

Collected reflections

Independent reflections

C,HgN,0,-C;H0;
318.29

Triclinic

Pi

6.8096(2)
7.9530(3)
14.0826(4)
94.042(2)
103.561(2)
103.726(3)
713.78(4)

2,1

332

1.481

1.54184

0.975

150.0(1)

0.57 x 0.20 x 0.18
6.514 to 152.442
8<h<8§
-10<k<9
-17<l<15
14874

2986 (Ry,, = 0.0287,
Riigma = 0.0184)

Reflections with I > 24(1) 2795

Data/restraints/parameters 2986/0/265
Final R indices with I > 26(I) Ry =0.0352
WR; = 0.0982
Final R indices with all data Ry =0.0372
WR, = 0.1003
GOF 1.046

Extinction coefficient
Apmins Amaxs € A7

0.0061(13)
-0.19, 0.28

This journal is @ The Royal Society of Chemistry 2019

84

C,HgN,0,-C,H 0,

C,HyN,0,:2(C,H0;)H,0

318.29 474.43
Monoclinic Triclinic
P2,/c P1
6.4812(2) 7.0166(2)
23.7503(7) 12.4761(4)
9.3288(3) 24.6450(8)
90 99.639(3)
101.841(3) 91.740(3)
90 99.464(3)
1405.44(8) 2094.29(12)
4,1 4,2

664 992

1.504 1.505
1.54184 1.54184
0.990 1.02
150.0(1) 130.0(1)

0.26 x 0.11 x 0.09
7.444 to 152.012

0.21 x 0.11 x 0.05
7.290 to 153.214

6<h<8 8<h<8

29 <k <29 -15< k<14
-11<1<10 -30<1<30
8760 16429

2911 (Rjp = 0.0216,
Ryigma = 0.0214)
2627

8559 (Ripn = 0.0302,
Ryigma = 0.0369)
7299

2911/0/265 8559/0/797
R, = 0.0384 R, = 0.0452
WR, = 0.1052 WR, = 0.1325
R, = 0.0437 R, = 0.0525
WR, = 0.1086 WR, = 0.1388
1.162 1.067
0.0013(3) None

-0.20, 0.21 -0.33, 0.33

CrystEngComm, 2019, 21, 5721-5732 | 5723



Paper

Table 3 Calculated ApK, values

Acid PKaacid ApK,*
2HBA 3.01 -3.92
3HBA 4.08 -4.99
4HBA 4.57 -5.48

@ PKabase (theobromine) is equal to =0.91.

crystals. A hydrate was formed by combination of TBR and
4HBA (1:2). The bond lengths of C-O and C—=O0 indicate the
carboxylic group geometry. The difference Fourier map
clearly shows the position of the acidic hydrogen atom near
the oxygen atom of the carboxyl group in 2HBA and 3HBA.
There is no proton transfer from hydroxyl groups of the
4HBA molecules to the imidazole nitrogen atom of TBR
(Table 3).

The ApK, parameter, described by the following equation:

ApK, = pK,(base) — pK,(acid) (2)

allows prediction of salt or cocrystal formation.>* The de-
termined values of ApK, are less than zero. So, there is a high
probability that the combination of theobromine with mono-
hydroxybenzoic acids would result in cocrystals.

3.1. Crystal structure of the investigated cocrystals

3.1.1. TBR-2HBA cocrystal. For the first time, a theobro-
mine (TBR) 2-hydroxybenzoic acid (2HBA) cocrystal was
obtained by F. Fischer et al. in 2015 by cocrystallization from

b) Q‘( é{—&
e Fhead

CrystEngComm

solution and by neat grinding.*® The structure was refined to
an R value of 10.16%. In the above paper, there is no descrip-
tion of hydrogen bonds present in TBR-2HBA. Therefore, we
decided to repeat the cocrystallization and X-ray analysis to
obtain satisfactory refinement parameters.

TBR-2HBA crystallizes in the triclinic space group P1 with
one TBR and one 2HBA molecule in the asymmetric unit
(Fig. 2a). Typical C-O and C=O0 bond lengths of the carbox-
ylic group were observed (1.310(1) A for C7-02 and 1.233(2) A
for C7=01), which confirmed the crystallochemical nature of
this cocrystal. Each TBR molecule is hydrogen bonded to
2HBA via O2-H2---N4 interaction (synthon III, Fig. 3 and
Table 4). The ortho-hydroxyl group in 2HBA participates in
intramolecular hydrogen bonding O3-H3:--O1 and six-
membered ring Si(6) is formed. In the crystal lattice, a finite
centrosymmetric four-component system was identified
(Fig. 2b). In this system two molecules of TBR interact via
N1-H1--04" hydrogen bonds (synthon ).

TBR-2HBA tetramers are connected by C-H:--O forces cre-
ating a 2D layer parallel to the crystallographic plane (210).
The oxygen atom of the endo-carbonyl group of TBR partici-
pates in C6-H6-+-05' hydrogen bonding (Table 4), which to-
gether with the COOH"*'Nimidazole heterosynthon forms the
Rj(22) motif. Carbon atom C14 of the methyl group at the im-
idazole ring acts as a donor in C14-H14C---03" interaction,
which takes part in cyclic array R§(22) formation (Fig. 2b).
Two TBR molecules in neighboring sheets are connected
through C14-H14B'+-04" hydrogen bonding. Layers are ar-
ranged in an offset manner and form stacks (Fig. 2c), which
are held together by n(TBR)---n(2HBA) forces (Fig. 2d and
Table 5).

s B HO R
Ay

7

o

Rg(22)

5 Q\( ?

d)

Fig. 2 a) ORTEP representation of the asymmetric unit of the TBR-2HBA cocrystal (thermal ellipsoids were drawn with the 50% probability level);
b) molecular layer composed of four-component centrosymmetric systems of TBR-2HBA connected by C-H---O hydrogen bonds; structural motifs
s1(6), R3(8), R4(22) and R&(22) are marked; c) neighboring TBR-2HBA sheets represented by green and blue colors interlinked via -7 interactions;
d) representation of stacking interaction in the TBR-2HBA cocrystal (symmetry codes: (v) 1-x, 1 -y, 1-z (vi)2 -x,1-y, 1-2).
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Fig. 3 Theobromine synthons observed in the described cocrystal
structures.

Table 4 Hydrogen bond parameters for the described cocrystals
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3.1.2. TBR-3HBA cocrystal. The TBR-3HBA cocrystal, which
crystallizes in the monoclinic space group P2,/c, contains one
TBR and one 3HBA molecule in the asymmetric unit
(Fig. 4a). The bond lengths of C-O (1.327(1) A) and C=0
(1.217(2) A) confirmed that a cocrystal was obtained. In the
crystal lattice, four-component centrosymmetric motif R3(26)
composed of two TBR and two 3HBA molecules is observed
(Fig. 4b). This alkaloid is hydrogen bonded to two 3HBA mol-
ecules by 02-H2:-N4 (synthon I) and O03-H3--05"
(synthon V) hydrogen bonds (Fig. 3 and Table 4). TBR-TBR
dimers R3(8) are held by N1-H1:--04" (synthon II) interac-
tion, where the exo-carbonyl of TBR is involved in this
formation.

The components of this cocrystal are arranged in ribbons
parallel to the (152) and (152) crystallographic planes, which
are inclined by y = 100.6(1)° and form the “zigzag” sheet
(Fig. 5a) by C5-H5---03' interactions between 3HBA mole-
cules (Fig. 4c). The 1D ribbons form stacks, which are
sustained by n(TBR)--'n(TBR) and n(TBR)'-'n(3HBA) forces
(Fig. 5b and Table 5). The average distance between neigh-
boring layers is equal to 3.159(1) A. The distance between

Cocrystal D-H-A D-H [A] H-A [A] D---A[A] D-H-A [A]

TBR-2HBA C6-H6--05' 0.99(2) 2.42(2) 3.146(2) 130(1)
N1-H1---04" 0.87(2) 1.96(2) 2.835(1) 175(2)
C14-H14B:--041 0.99(2) 2.55(2) 3.387(2) 142(2)
C14-H14C---03" 0.99(2) 2.72(2) 3.646(2) 157(2)
03-H3---01 0.92(2) 1.75(2) 2.587(1) 149(2)
02-H2--'N4 1.05(2) 1.60(3) 2.635(1) 168(2)

Symmetry codes: (i) -x + 1, =y, —z + 1; (ii) —x + 1, -y, -z (iii) x+ 1, -y + 1, -z; (iv) x + 2, -y + 2, -z + 1

TBR-3HBA C5-H5--03' 0.98(2) 2.85(2) 3.716(2) 148(2)
N1-H1---04" 0.93(2) 1.84(2) 2.760(2) 173(2)
03-H3---05™ 0.89(3) 1.93(3) 2.806(2) 169(3)
02-H2--"N4 0.98(3) 1.75(3) 2.722(2) 177(3)

Symmetry codes: (i) x, -y + 1/2, z+ 1/2; (ii) —x + 3, =y + 1, —z + 1; (iii) —x + 1, -y + 1, -z

TBR-2(4HBA)-H,0 O1-H1E'--04A! 0.87(3) 1.93(3) 2.798(2) 173(3)
O1-HI1F---05A" 0.85(4) 2.13(4) 2.926(2) 156(3)
02A-H2A--O1B 0.89(4) 1.68(4) 2.564(2) 172(4)
03A-H3A:--O1 0.87(3) 1.82(3) 2.683(2) 174(3)
02B-H2B---O1A 0.90(4) 1.78(4) 2.683(2) 176(4)
03B-H3B---N4A 0.93(3) 1.83(3) 2.742(2) 167(3)
C5B-H5B: - 02A" 0.94(3) 2.43(3) 3.308(2) 155(2)
C6B-H6B---01B" 0.94(3) 2.60(3 ) 3.395(2) 143(2)
C5D-H5D-+-02CY 0.96(3) 2.40(3) 3.253(2) 147(2)
C6D-H6D---01D" 0.98(2) 2.53(2) 3.344(2) 141(2)
02C-H2C:-01D 0.84(6) 1.74(6 ) 2.580(2) 177(4)
03C-H3C:02 0.91(4) 1.73(3) 2.635(2) 173(3)
02D-H2D--01C 0.72(5) 1.95(5) 2.660(2) 170(5)
03D-H3D---N4B 0.87(3) 1.95(3) 2.804(2) 169(3)
N1B-H1B---05B" 0.89(3) 1.98(3) 2.864(2) 175(2)
N1A-H1A-+-05A" 0.85(3) 2.01(3) 2.861(2) 178(2)
02-H2E--05B" 0.84(4) 2.08(4) 2.884(2) 163(3)
02-H2F-04B' 0.85(3) 1.93(3) 2.781(2) 173(3)
C13A-H13F--03D™ 0.99(3) 2.76(3) 3.703(3) 158(2)
c133—H133-»-033‘f‘ 0.96(2) 2.60(2) 3.535(2) 164(2)
C14A-H14D---O4A" 1.00(3) 2.56(2) 3.252(2) 127(2)
C14B-H14A:+-04B* 1.02(3) 2.63(3) 3.347(2) 128(2)

Symmetry codes: (i) x +1,y,z+1; (ii) ~x + 2, -y + 1, —z + 2; (iii) —x - 1,y + 1, —z; (iv) —x, p + 1,2+ 1; (v) x = 1, -y, ~z; (vi) x + 1,y + 1, —z +

1; (vii) —x+1,-y,-z+1

This journal is @ The Royal Society of Chemistry 2019

86

CrystEngComm, 2019, 21, 5721-5732 | 5725



Paper

Table 5 Stacking interaction geometry in the described cocrystals
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Cocrystal ArM ArN ArM:---ArN“ [A] Dihedral angle” [°] Interplanar distance® [A] Offset [A]

TBR-K2HB Arl Ar3" 3.454(1) 2.35(1) 3.337(1) 0.89(1)
Ar2 Ar3" 3.578(1) 1.96(1) 3.348(1) 1.26(1)
Arl Ar3" 3.633(1) 2.35(1) 3.332(1) 1.45(1)
Ar2 Ar3" 3.714(1) 1.96(1) 3.322(1) 1.66(1)

Symmetry codes: (v) 1 -x,1-y 1-z, (vij2-x,1-y,1-2

TBR-K3HB Arl Ar1" 3.318(1) 0 3.226(1) 0.78(1)
Ar2 Ar1™ 3.664(1) 2.12(1) 3.198(1) 1.79(1)
Ar2 Ar3" 3.756(1) 5.52(1) 3.224(1) 1.93(1)

Symmetry codes: (iv) 2 = x, 1 -3, 12, (v) 1 +%,3,2

TBR-2(K4HB)-H,0 Ar2A Ar3C 3.925(1) 10.35(1) 3.088(1) 2.42(1)
Ar2B Ar3AYi 3.708(1) 4.25(1) 3.353(1) 1.58(1)

Symmetry codes: (viii) -2 +x,y, 1 +2

“ The distance between the ring centroids. ” The angle between aromatic ring planes. ¢ The distance between the ArN plane to the ArM
centroid. ? The distance between ArM and ArN projected onto the ring plane M.

equivalent TBR:3HBA is equal to 11.875(1) A, determined as a
half (1/2 W) of the O1---01™"' * ¥ * distance (Fig. 5a).

3.1.3. TBR-2(4HBA)-H,O cocrystal hydrate. Theobromine
(TBR) and 4-hydroxybenzoic acid (4HBA) cocrystallize as a
monohydrate in the triclinic space group P1. The asymmetric
unit contains two hydrate systems (I and II, Fig. 6a). Each of
the hydrates forms a 1D ribbon with the same hydrogen

Fig. 4 a) ORTEP representation of the asymmetric unit of the
TBR-3HBA cocrystal (thermal ellipsoids were plotted with the 50%
probability level); b) molecular ribbon composed of structural units
R3(26) connected by N-H:--O hydrogen bonds, which in turn take part
in RE(8) cyclic array formation; ¢) C-H---O interactions between acid
molecules occurring on the sheet bend (Fig. 5a).

5726 | CrystEngComm, 2019, 21, 5721-5732

87

bond architecture (Fig. 6b). In this system, we can distin-
guish TBR-TBR and 4HBA-4HBA dimers R3(8) held by
N-H'-O (synthon I, Fig. 3) and O-H---O hydrogen bonds, re-
spectively (Table 4). The hydroxyl group of one 4HBA mole-
cule is connected with the imidazole nitrogen atom of TBR
through O-H--"N interaction (synthon IV), and the hydroxyl
group of the second 4HBA molecule is a proton donor for the
oxygen atom from the water molecule (O-H: O interaction).
Hydrogen atoms of the solvent are hydrogen bonded to the
oxygen atom from the exo-carbonyl group of one TBR mole-
cule (synthon VIII) and from the endo-carbonyl group of the
second TBR molecule (synthon VII) via O-H---O hydrogen
bonds, respectively. In this way, together with N-H---O forces,
motifs R3(8) are formed. In the 1D ribbon, G-H---O interac-
tions are present, where aromatic carbon atoms of 4HBA
molecules are proton donors for two oxygen atoms of the
neighboring acid-acid dimer.

By means of C-H:-O hydrogen bonds, neighboring 1D
polymers in TBR-2(4HBA)H,0 are arranged in layers
(Fig. 6b). The methyl groups at the imidazole ring are proton
donors for oxygen atoms of the exo-carbonyl groups in TBR.
In the second interaction, the imidazole carbon atom is a

a)

b)

Fig. 5 a) The “zigzag” sheet of TBR-3HBA formed by C-H---O
interactions between ribbons, which are stacked by - n interactions,
b) representation of stacking interaction in TBR-3HBA (green and blue
colors represent TBR and 3HBA molecules, respectively).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 a) ORTEP representation of the TBR-2(K4HB)-H,O asymmetric unit, which is composed of two hydrate systems (I and II; thermal ellipsoids
were drawn with the 50% probability level); b) molecular layer of hydrate | formed by C-H---O interactions (green color) between ribbons; in
ribbons C-H---O hydrogen bonds were identified between aromatic carbon atoms, which are proton donors for oxygen atoms participating in

acid-acid dimer formation.

proton donor for the 4HBA hydroxyl group connected to the
water molecule. 7(TBR)'-n(K4HB) interactions (Fig. 7b and
Table 5) are responsible for creating stacks (Fig. 7a).

3.2. Comparison of supramolecular synthons found in
theobromine, caffeine and theophylline cocrystals with
monohydroxybenzoic acids

Molecules of theobromine (3,7-dimethylxanthine), theophyl-
line (1,3-dimethylxanthine) and caffeine (1,3,7-trimethyl-

a)

b) P e
I%Arzn 5 - : b >t
—— A ‘ ARC
Fig. 7 a) Molecular layers of TBR-2(4HBA)-H,O, which are held by n--n
interactions (blue and green colors indicate the layers composed of |
and Il hydrate systems, respectively); b) representation of
n(TBR)---n(K4HB) interactions in the TBR-2(4HBA)-H,0 cocrystal hydrate.

~
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xanthine) differ by the number and the position of the methyl
group(s).

Three nitrogen atoms of the caffeine molecule are
substituted by methyl groups, therefore this purine molecule
cannot form any CAF-CAF homodimer by strong classical hy-
drogen bonds. In turn, in theophylline one kind of TPH-TPH
homodimer R3(10) with the participation of C=O(endo-
carbonyl) and N-H(imidazole) groups can be observed
(Fig. 8E). However, in the theobromine molecule, there are
two possibilities of TBR-TBR homosynthon R3(8) amide-am-
ide formation via C=O0(exo-carbonyl) or C=0(endo-carbonyl)
together with the N-H(pyrimidine) group, respectively
(Fig. 8B). The carboxylic acid-carboxylic acid homosynthon is
popular®” (Fig. 8A), but in the presence of the alkaline imid-
azole nitrogen atom this hydrogen-bonded moiety is uncom-
mon.*® Below, the supramolecular synthons in theobromine
cocrystals with monohydroxybenzoic acids are discussed and
compared with theophylline and caffeine cocrystals with the
same coformers (Table 6).

3.2.1. Purine alkaloid cocrystals with 2-hydroxybenzoic
acid as a coformer. In the above alkaloid cocrystals with
2-hydroxybenzoic acid, according to Etter's rules,* first an
intramolecular O-H: -0 hydrogen bond with an Sj(6) motif is
expected, which mainly stabilizes the carboxylic acid mole-
cule (Fig. 8C). Consequently, cocrystal formation is only pos-
sible by intermolecular COOH' Nimidazole iNteractions

CrystEngComm, 2019, 21, 5721-5732 | 5727
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monohydroxybenzoic acids as cofoermers. A, B, F and G maotifs are
some of the commonly studied and used synthons in crystal design.*”

(Fig. 8G). In TBR-2HBA and TPH-2HBA cocrystals, one can
also expect TBR-TBR and TPH-TPH homosynthons, respec-
tively (Fig. 8B and E).

In the CAF-2HBA cocrystal, the alkaloid and acid molecule
form a two-molecular complex by a COOH--'N hydrogen
bond (Fig. 8G). The remaining interactions are weak stacking
interactions (1D and 2D structures) and C-H'-O hydrogen
bonds (3D structure).”” In the case of the TPH-2HBA
cocrystal, the COOH" " Nimidazole heterosynthon, the TPH-TPH
homosynthon R3(10) (Fig. 8E) and the acid-acid hetero-
synthon held through O-H(o-hydroxyl)::-:O=C(carboxyl) hy-
drogen bonds (Fig. 8F) are responsible for the 1D molecular
ribbon formation. In turn, 2D and 3D architectures of
TPH-2HBA are stabilized by C-H---O and n-stacking interac-
tions, respectively.” In both structures, the intramolecular
O-H'+0 interaction in salicylic acid was observed. (Fig. 8C).

In the TBR-2HBA crystal lattice, TBR-TBR R5(8) dimers hy-
drogen bonded via N-H(pyrimidine)---O=C(exo-carbonyl) in-
teractions (Fig. 8B), TBR-2HBA dimers sustained by

CrystEngComm

COOH:*Njmidazole hydrogen bonds (Fig. 8G) and the Si(6) cy-
clic array in the 2HBA acid (Fig. 8C) are in line with expecta-
tions. These synthons are some of the most common
hydrogen-bonded motifs present in organic cocrystals.*”

3.2.2. Purine alkaloid cocrystals with 3-hydroxybenzoic
acid as a coformer. The hydroxyl group in the
3-hydroxybenzoic acid is in the meta-position, so it cannot
take part in intramolecular hydrogen bond formation. This
group can probably be a proton acceptor from the endo- or
exo-carbonyl oxygen atoms in alkaloid molecules. In
CAF-3HBA*® and TPH-3HBA>* cocrystals, the hydroxyl groups in
acid molecules are proton donors for the endo-carbonyl groups
in caffeine and theophylline molecules, respectively (Fig. 8F).
The COOH'*'Nimidazotle heterosynthon (Fig. 8G) is present in
both complexes. In the TPH:3HBA cocrystal, theophylline
form TPH-TPH homodimers by C=0(exo-
carbonyl)---H-N(imidazole) hydrogen bonds (Fig. 8E).

The structural motifs in TBR-3HBA are similar to those
aforementioned in CAF and TPH analogues. The theobro-
mine molecules form homosynthons held by N-
H(pyrimidine)---O=C(exo-carbonyl) hydrogen bonds (Fig. 8B),
TBR-3HBA systems are held by COOH'Nimigazole interac-
tions (Fig. 8G) and the meta-hydroxyl group in the acid is a
proton donor for the oxygen atom in the endo-carbonyl group
of this xanthine molecule (Fig. 8F). So, based on the caffeine
and theophylline complexes with 3-hydroxybenzoic acid, it
was possible to predict which synthons would be responsible
for the crystal lattice arrangement in the theobromine
cocrystal with the investigated coformer. The 2D and 3D net-
works of these cocrystals are sustained by C-H---O and stack-
ing interactions.

3.2.3. Purine alkaloid cocrystals with 4-hydroxybenzoic
acid as a coformer. In the case of the 4-hydroxybenzoic acid,
there are 3 combinations of this coformer with caf-
feine.”***3® In  each of these combinations, the
Nimidazote'-*HOOC heterosynthon can be observed (Fig. 8G).
In CAF-2(4HBA), oxygen atoms in the para-hydroxyl group of
the acid molecules are proton donors for the endo- and
exo-carbonyl oxygen atoms in caffeine, however in 2(CAF)
‘4HBA this group is a proton donor only for the
endo-carbonyl oxygen atom (Fig. 8F). In the CAF-4HBA-H,0
complex, the water molecule is a proton acceptor from the
para-hydroxyl group in 4HBA and it is also a proton donor
for the endo- and exo-carbonyl groups in the alkaloid mole-
cule (Fig. 8F for the water molecule). What is more, in the
CAF-2(4HBA) cocrystal, acid molecule pairs are connected
via O-H(carboxyl)---O=C(carboxyl) hydrogen bonds. In

molecules

Table 6 Purine alkaloid cocrystals with 2-hydroxy-, 3-hydroxy- and 4-hydroxybenzoic acids as coformers

2HBA

3HBA 4HBA

Theobromine (TBR)
Theophylline (TPH)
Caffeine (CAF)

TBR-2HBA (RUTHEV,”” this work)
TPH-2HBA (KIGLES01)*"
CAF-2HBA (XOBCATO01)**

5728 | CrysttngComm, 2019, 21, 5721-5732
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TBR-3HBA (this work)
TPH-3HBA (DOPMUS)*!
CAF-3HBA (MOZCOU)*

TBR-2(4HBA)-H,0 (this work)
TPH-4HBA (DOPNAZ)**
2(CAF)-4HBA (MOZCUA)*
CAF-2(4HBA) (MOZDAH)*
CAF-4HBA-H,O (LATBIT)*®

This journal is © The Royal Society of Chemistry 2019



CrystEngComm

Paper

TBR-2HBA theoretical

TBR-2HBA neat grinding

Relative intensity

(Lk jv\m\_’\ TBR-2HBA cocrystal
2HBA
TBR

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

2Theta [°]

Fig. 9 Comparison of powder X-ray diffraction patterns for theobromine, 2-hydroxybenzoic acid and the TBR-2HBA cocrystal.

TPH-4HBA, theophylline molecules are connected with one
acid molecule by Njmidazole'"HO interaction (Fig. 8H) and
with the second one by O-H(carboxyl):--O=C(exo-carbonyl)
and C=O0(carboxyl)---H-N(imidazole) hydrogen bonds (R3(9)
motif, Fig. 8D). Homosynthons are not observed in these
cocrystals. Thus, it was difficult to predict whether the com-
bination of theobromine and 4-hydroxybenzoic acid would re-
sult in a cocrystal or cocrystal hydrate, and what stoichiome-
try of substrates and which synthons would be responsible
for the arrangement of these components in complex.
Theobromine and 4-hydroxybenzoic acid cocrystallize in a
1:2:1 stoichiometric ratio together with a water molecule
and form a cocrystal hydrate. In this structure, we recognized
two types of homosynthons, ie. the TBR-TBR homodimer,
which are held by C=0(endo-carbonyl):--H-N(pyrimidine) hy-
drogen bonding (Fig. 8B) and the acid-acid homosynthon be-
tween two carboxylic groups (Fig. 8A). The imidazole nitrogen
atom accepts a proton from the hydroxyl group of one acid
molecule (Fig. 8H). In purine cocrystals with 2HBA and
3HBA, this synthon is not observed. The hydroxyl group of
the second acid molecule is a proton donor to water mole-
cule, which is in turn the donor of two protons to endo- and

Ukmlk’k

exo-carbonyl oxygen atoms of two different theobromine mol-
ecules (Fig. 8F). The last motif was observed in CAF
AHBA-H,0.%¢

3.3. Powder X-ray diffraction

The powder diffractograms of theobromine (API), coformers
(2-, 3- and 4-hydroxybenzoic acid) and the studied cocrystals
were obtained (Fig. 9-11). The differences between the
diffractograms of the substrates and the cocrystals are clearly
visible. What is more, the similarity of the powder patterns
for the cocrystal samples obtained by crystallization from the
solution and the milling samples indicates that grinding is
an alternative method for the preparation of the studied
theobromine derivatives.

3.4. Steady-state UV-vis spectroscopy

3.4.1. UV-vis measurements. TBR is slightly soluble in wa-
ter (0.33 g L').** To improve its aqueous solubility,
cocrystallization with highly soluble acids was performed.
The solubility of the obtained cocrystals was determined and
compared with the solubility of pure TBR (Table 7). The 3-6
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Fig. 10 Comparison of powder X-ray diffraction patterns for theobromine, 3-hydroxybenzoic acid and the TBR-3HBA cocrystal.
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Fig. 11 Comparison of powder X-ray diffraction patterns for theobromine, 4-hydroxybenzoic acid and the TBR-2(4HBA)-H,O cocrystal hydrate.

times enhancement of the theobromine solubility in relation
to pure alkaloid was observed. Surprisingly, there is no rela-
tionship between the aqueous solubility of coformers and the
enhancement of coformers.*’

3.4.2. Solubility enhancement of theobromine
cocrystals and their crystal structure. The better solubility of
the theobromine cocrystal with the ortho-hydroxybenzoic acid
in comparison to that with the meta isomer can be explained
by intermolecular interactions. Although both compounds
crystallize in different space groups (P1 and P2,/c), their ar-
chitecture is comparable. In TBR-2HBA and TBR-3HBA
cocrystals, an identical R3(8) synthon is observed. Addition-
ally, similar structural motifs Rj(22) and R{(22) in TBR-2HBA
and Rj(26) in TBR-3HBA are recognized. The main difference
between the crystal structures of these cocrystals is the
strength of intermolecular interactions. In the first, more sol-
uble cocrystal, the presented motifs are formed by O-H--'N
and weak C-H--O forces, whereas Rj(26) systems in
TBR-3HBA are stabilized by strong classical O-H-:-O/N hydro-
gen bonds. The theobromine solubility in the TBR-2(4HBA)
‘H,O cocrystal hydrate is lower than that in TBR:2HBA and
greater than that in TBR-3HBA. This may be due to the pres-
ence of a water molecule in the crystal lattice and more im-
pact of strong hydrogen bonds on the molecular arrangement
compared to TBR-2HBA.

in

3.5. Simultaneous thermal analysis (STA)

Fig. 12 shows the TGA and DSC curves of TBR-2HBA,
TBR-3HBA and TBR-2(4HBA)-H,0.

Table 7 Solubility of theobromine cocrystals in water. The relative in-
crease to TBR is shown in parenthesis

Absorption solubility Aqueous solubility

(gL™ of coformers (g L")
TBR-2HBA 2.07 (x6.3) 2.24 (ref. 41)
TBR-3HBA 1.06 (x3.2) 7.25 (ref. 42)
TBR-2(4HBA)-H,0 1.56 (x4.7) 5 (ref. 43)
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The presence of water in the TBR-2(4HBA)-H,O crystal
structure is evident from the DSC measurements. The first
signal of the cocrystal appears at a temperature of about
113 °C. It can be assumed that the water molecules from
the crystal structure are released. The second signal, at 215
°C, refers to the complete decomposition of the 4HBA mole-
cules, and is in agreement with the melting point of pure
4HBA." The signal at 315 °C is attributed to the decompo-
sition of the TBR molecules. Because of the low mass con-
tent of water in the crystal structure, the weight loss in the
TGA curve at about 113 °C is nearly unnoticeable. In the
104-250 °C temperature range, the loss of material reaches
32%. The second mass loss takes place in the temperature
range of 250-325 °C.
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Fig. 12 The simultaneous thermal analysis (STA) curves of TBR-2HBA
(top), TBR-3HBA (center) and TBR-2(4HBA)-H,O (bottom). TG and DSC
curves are represented by black and red colors, respectively.
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In the TBR-2HBA cocrystal, the first signal is observed at
around 194 °C and in the TBR:3HBA cocrystal, it is at 223 °C.
At these temperatures, the appropriate monohydroxybenzoic
acids decompose. Since their decomposition temperature is
higher than that of the pure acids (melting temperature of
pure 2HBA - 158 °C and pure 3HBA - 202 °C).** It can be
concluded that the 2HBA and 3HBA molecules are stabilized
in the cocrystals. At these temperatures, a TBR-2HBA mass
loss of approximately 30% can be observed in the TGA curve
and the TBR-3HBA mass loss is higher and reaches about
45%, respectively. The second DSC signal is related to the
theobromine decomposition.

4. Conclusions

Three solids consisting of theobromine and mono-
hydroxybenzoic acids (ortho, meta and para) were synthe-
sized. Good quality single crystals of TBR-2HBA, TBR-3HBA
and TBR-2(4HBA)-H,O were obtained by slow evaporation
from solution and were characterized by the single-crystal
X-ray diffraction method. It allowed us to prove the
crystallochemical nature of the new cocrystals and
redetermine the TBR-2HBA crystal structure.’® Powder X-ray
diffraction studies confirmed the successful green chemistry
synthesis by grinding in a ball mill. Cocrystallization of theo-
bromine improves its solubility in water approximately 6
times for the TBR-2HBA cocrystal, 5 times for the TBR
-2(4HBA)-H,O cocrystal hydrate and 3 times for the TBR-3HBA
cocrystal. Additionally thermal analysis confirms the pres-
ence of water molecules in the crystal lattice of TBR-2(4HBA)
‘H,0. In all of the compounds, the acids decompose first,
followed by theobromine,

Structural analysis showed that strong hydrogen bonds
play a key role in the molecular arrangement in the crystal
lattice of the described theobromine derivatives. In this work,
the supramolecular synthons observed in the theobromine
cocrystals with monohydroxybenzoic acids were discussed
and they were also compared to the structural motifs in the-
ophylline and caffeine cocrystals with the same coformers.
Generally, supramolecular heterosynthons are more preferred
than homosynthons.>* Our studies showed that in all of the
investigated  theobromine cocrystals  with
hydroxybenzoic acids, the amide-amide homosynthon is
present. Additionally, in the TBR-4HBA-H,O cocrystal hydrate,
the acid-acid homosynthon is formed. In comparison to the
theophylline cocrystals with 2HBA and 3HBA as coformers,
the alkaloid-alkaloid homosynthon (TPH-TPH) is observed.
Caffeine molecules do not form homosynthons and only
heterosynthons are present in their cocrystals with mono-
hydroxybenzoic acids.

The oxygen atoms of the exo- and endo-carbonyl groups
are good proton acceptors. In all of the described alkaloid
complexes with monohydroxybenzoic acids, at least one of
these groups is a proton acceptor from the hydroxyl group or
water molecule in the case of the cocrystal hydrate. The imid-
azole nitrogen atom accepts a proton from the carboxyl group

mono-
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and only in two cases (TPH-4HBA and TBR-4HBA-H,0) from
the hydroxyl group. In all of the investigated structures, weak
C-H- -0 hydrogen bonds and n-stacking interactions stabilize
the 2D and 3D networks. The knowledge (based on the CSD
data) about theophylline and caffeine cocrystals with mono-
hydroxybenzoic acids allowed us to predict partially which su-
pramolecular synthons would be responsible for the arrange-
ment of theobromine and these acid molecules, when they
form cocrystals.
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Pharmaceutical cocrystals, multicomponent solids composed of molecular and/or ionic compounds
connected by noncovalent interactions, are objects of interest in crystal engineering. Theobromine, as an
active pharmaceutical ingredient, was used for cocrystallization with dihydroxybenzoic acids as crystal
coformers. All of these dimethylxanthine derivatives were obtained by slow evaporation from solution and
they were structurally-characterized by a single X-ray diffraction method. Solid-state synthesis products
through grinding (green chemistry experiments) were confirmed by powder X-ray diffraction
measurements. Simultaneous thermal analyses for samples from grinding were performed. The various
supramolecular synthons formed by theobromine responsible for the arrangement of molecules in the
crystal lattice of its cocrystals were specified. The hydrogen-bonded motifs present in these cocrystals
together with theobromine-acid solids deposited in the CSD were summarized. Furthermore, UV-vis
spectra measurements were made to check the change in the solubility of theobromine after its
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1. Introduction

The production of drugs is extremely important nowadays.
Chemical stability, high solubility and, hence, high
bioavailability are some of the most important properties that
should be characteristic of a particular active pharmaceutical
ingredient (API)." Amidon et al. introduced the classification
of APIs into 4 groups due to the above parameters: class 1
(high solubility, high permeability), class 2 (low solubility,
high permeability), class 3 (high solubility, low permeability)
and class 4 (low solubility, low permeability).” About 40% of
sold medicines and 80-90% of drugs in the production
process are poorly soluble in water.* A major problem for the
pharmaceutical  industry is the lack of desired
physicochemical properties for given APIs, because it requires
searching for suitable methods to improve them, ie.
obtaining polymorphic forms,”"* solvates and hydrates,'*™"
cocrystals®>2° or salts.””>°

Polymorphs of APIs have different properties, such as
hygroscopicity, stability, solubility or processability, but, in

Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznarskiego 8,
61-614 Poznan, Poland. E-mail: mateusz.goldyn@amu.edu.pl

T Electronic supplementary information (ESI) available: Stacking interaction
geometry in described TBR cocrystals (Table S1); steady state absorption
calibration curves of TBR-23DHBA-H,O, TBR-24DHBA, TBR-25DHBA, (TBR-
H)'-(26DHBA) -(H,0), TBR-34DHBA and TBR-35DHBA (Fig. $1). CCDC 1938121,
1938122, 1938144, 1938146, 1938148 and 1938149. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c9¢e01195a
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many cases, it is not possible to predict or design a specific
polymorphic form of an APL. Moreover, some of them may be
metastable and may undergo phase transformations,’*
which may result in undesirable changes in physicochemical
properties.** Solvent molecules in solvates can improve the
stability of metastable forms through strong hydrogen bonds
with API molecules, or they can act as guests by filling free
places in the host crystal lattice without interactions between
them.**** However, solvents can sometimes lead to disorder
in the crystal lattice, which can result in a metastable form of
a substance.’® In contrast to cocrystals, preparation of salts
requires APIs having ionizable functional groups.® Therefore,
the cocrystallization of drugs offers more synthetic
possibilities. Another advantage is that a particular API can
exist in a stable crystalline form with a suitably selected
coformer without excipients.>” What is more, it is a relatively
fast and simple method, which in turn translates into
financial issues for pharmaceutical companies and can
improve properties such as tabletability, stability, solubility,
dissolution  rates,  bioavailability =~ and  mechanical
properties.”® ™!

In this paper, four theobromine (TBR) cocrystals with 2,4-
dihydroxy- (24DHBA), 2,5-dihydroxy- (25DHBA), 3,4-dihydroxy-
(34DHBA) and 3,5-dihydroxybenzoic acid (35DHBA), a
cocrystal hydrate with 2,3-dihydroxybenzoic acid (23DHBA),
and a salt monohydrate containing 2,6-dihydroxybenzoate
anion (26DHBA) were reported. All of these xanthine
derivatives obtained by cocrystallization from solution and by

CrystEngComm, 2019, 21, 7373-7388 | 7373
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grinding were characterized by SXRD, PXRD and UV-vis spectral
measurements to check the improvement of their solubility in
water after cocrystallization. In earlier work, we report
theobromine with monohydroxybenzoic acid cocrystals.”> Both
of these studies fit into the mainstream of structural studies of
purine alkaloid cocrystals.?****! Their aim is to hierarchize
supramolecular synthons responsible the molecular
arrangement in xanthine cocrystals. The design of new
pharmaceutical derivatives with the desired physicochemical
properties, having two or more components, could be simpler
with a greater understanding and knowledge of the synthonic
hierarchy in organic cocrystals.*> "

The choice of theobromine for cocrystallization is related
to the fact that only 8 coctystals (with 5-chlorosalicylic,®
2-hydroxybenzoic,” oxalic,”® trifluoroacetic,”’ malonic,”"
acetic,”” and anthranilic*>®® acids and melamine®") and 4
cocrystal hydrates (with quercetin,® vanillin,”® vanillic acid®”
and 3,4,5-trihydroxybenzoic acid®) with this alkaloid have
been deposited in the CSD so far. Hydroxybenzoic acids are
often used as coformers to obtain multi-component systems,
eg. with theophylline,® caffeine,**** pyrazinamide,>*"
1763 ethenzamide® and gabapentin.®

for

urotropine,

2. Experimental section
2.1. Materials

Theobromine (99%) was purchased from Swiss Herbal
Institute. 2,3-Dihydroxy- (98%), 2,4-dihydroxy- (95%), 2,5-
dihydroxy- (99%), 2,6-dihydroxy- (98%), 3,4-dihydroxy- (95%)
and 3,5-dihydroxybenzoic acid (97%) were obtained from
TriMen Chemicals and they were used without purification.
Methanol and acetonitrile were purchased from Chempur.
Millipore distilled water (18 MQ cm) was used in all
absorption experiments.

2.2. Cocrystallization from solution

The stoichiometric ratios of theobromine and a particular
dihydroxybenzoic acid were used (Fig. 1). TBR (19.3 mg, 0.107
mmol) with 23DHBA (16.4 mg, 0.106 mmol), TBR (18.7 mg,
0.104 mmol) with 24DHBA (16.2 mg, 0.105 mmol), TBR (19.6
mg, 0.109 mmol) with 25DHBA (17 mg, 0.110 mmol), TBR
(18.6 mg, 0.103 mmol) with 34DHBA (16.2 mg, 0.105 mmol),
and TBR (19.6 mg, 0.109 mmol) with 35DHBA (17 mg, 0.110
mmol) were dissolved in methanol-water solution, whereas
TBR (19.6 mg, 0.109 mmol) with 26 DHBA (16.6 mg, 0.108
mmol) was dissolved in acetonitrile-water solution by heating
and stirring. The resulting clear solutions were filtered. Single
crystals  of (TBR)-(23DHBA)-(H,0), (TBR)-(24DHBA), (TBR)
-(25DHBA), (TBR-H)"-(26DHBA) -(H,0), (TBR){(34DHBA) and
(TBR)-(35DHBA) were obtained by slow evaporation of filtrates
under ambient conditions within 3-7 days.

2.3. Cocrystallization by grinding

An oscillatory ball mill (Retsch MM300) was used for milling
experiments. The stoichiometric ratios of theobromine and

7374 | CrystEngComm, 2019, 21, 7373-7388
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Fig.1 Theobromine and dihydroxybenzoic acids.

the given dihydroxybenzoic acid were placed in stainless steel
milling jars. TBR (15.1 mg, 0.083 mmol) with 23DHBA (12.9
mg, 0.084 mmol) and TBR (19.6 mg, 0.109 mmol) with
26DHBA (16.8 mg, 0.109 mmol) were ground with the addition
of 20 pl of water. Neat grinding processes were performed
using TBR (14.2 mg, 0.079 mmol) with 24DHBA (12.1 mg,
0.079 mmol), TBR (27.2 mg, 0.151 mmol) with 25DHBA (23.1
mg, 0.150 mmol), TBR (16.6 mg, 0.092 mmol) with 34DHBA
(14.3 mg, 0.093 mmol) and TBR (8.6 mg, 0.048 mmol) with
35DHBA (7.5 mg, 0.049 mmol). Each grinding was carried out
for 60 minutes at a frequency of 25 Hz using two 4.8 mm
stainless steel balls.

2.4. Single crystal X-ray diffraction

Low-temperature measurements were carried out using an
Oxford Diffraction SuperNova diffractometer with
monochromatic CuKo. radiation (1.54184 A) and a Cryojet
cooling system. Data collection and data reduction were
performed using CrysAlisPro®® and CrysAlisRed® programs,
respectively. The crystal structures were solved by intrinsic
phasing using SHELXT-2015 and were refined using the least-
squares method with SHELXL-2015 software.”® Solution,
refinement and structural analyses were carried out using the
Olex2 program.®” All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were
derived from the difference Fourier map but, finally, in (TBR)
-(24DHBA) and (TBR)-(23DHBA)-(H,0), hydrogen atoms bonded
to carbon atoms were positioned geometrically using AFIX
commands and were refined using a riding-hydrogen model
with Ujgo(H) = 1.2U.4(C) for aromatic and imidazole H atoms or
Uiso(H) = 1.5Ueq(C) for hydrogen atoms belonging to the methyl
group. In these two crystals, hydrogen atoms connected with
heteroatoms were refined without constraints. In the rest of the
theobromine derivatives, all hydrogen atoms were refined
isotropically. Crystallographic data are presented in Table 1.

2.5. Powder X-ray diffraction (PXRD)

An Oxford Diffraction Xcalibur diffractometer with a MoKa
radiation source (L 0.71073 A) was used for powder
diffraction of samples from grinding. Measurements were
performed at room temperature. Experimental conditions:

scanning intervals 5-40° (26), step between thetas 0.01 and

This journal is @ The Royal Society of Chemistry 2019
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Table 1 Crystallographic data and refinement details for the described theobromine complexes
(TBR)-(23DHBA)-
(H,0) (TBR)-(24DHBA)  (TBR)-(25DHBA) (TBR-H)"-(26DHBA) -(H,O) (TBR){(34DHBA)  (TBR)-(35DHBA)
Molecular formula (C,HgN,0,) (C;HgN,05) (C;HgN,05) (C;HoNLO,)-(C;H504) (C;HgN,O,) (C;H3N,05)
<(C7He04)-(H,0) (C7He04) (C7H04) (H,0) (C7Hg04) +(C7HgO4)
M, g mol ™ 352.31 334.29 334.29 352.31 334.29 334.29
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Orthorhombic Monoclinic
Space group Cc P2y/n Pi P2y/n Phbcn P2,/c
a, A 13.2358(3) 7.9392(3) 6.8492(3) 15.2976(3) 26.7527(5) 14.4617(3)
b, A 15.2794(2) 6.3569(2) 7.9605(4) 6.8450(1) 14.2120(2) 12.7978(3)
¢, A 7.8074(2) 28.7601(7) 14.0276(8) 15.9300(3) 7.2608(2) 15.7666(3)
a, © 90 90 79.391(4) 90 90 90
B e 106.180(2) 96.093(3) 78.550(4) 115.911(3) 90 92.3554(17)
7, ° 90 90 77.232(4) 90 90 90
v, A* 1516.39(6) 1443.29(8) 723.16(7) 1500.38(6) 2760.62(10) 2915.58(10)
zZ, 7 4,1 4,1 2,1 4,1 8,1 8,2
Dy, g em™ 1.543 1.538 1.535 1.560 1.609 1.523
F000) 736 696 348 736 1392 1392
#(Cu K,), mm™" 1.08 1.05 1.05 1.09 1.10 1.04
T, K 132(2) 132(1) 130.3(4) 131.8(3) 130.9(8) 130.8(6)
Crystal size, mm®  0.15 X 0.20 X 0.26  0.30 X 0.07 x 0.28 x 0.10 x 0.30 x 0.12 x 0.05 0.33 x 0.05 x 0.03 0.14 x 0.12 X 0.12
0.03 0.04
© range for data 4.5-75.9 3.1-76.1 3.3-76.4 3.3-76.3 3.3-76.4 3.1-76.1
collection, ©
Range of indices -16 — 16,-19 - -9 —9,-7 -7, -8 — §,-9 -9, -19 — 15,-8 — 8,-19 — -33 — 29, -14 — -17 — 18, -16 —
(7, &, 1) 13,-9 — 9 -36 — 22 -17 = 17 17 17,-8 — 7 14, -18 — 19
Collected 7869 5993 11318 6426 7196 16119
reflections
Unique reflections 2847 2932 2963 3062 2827 6048
Reflections with 7 2834 2574 2678 2766 2530 5330
> 20(I)
Rine 0.017 0.018 0.027 0.019 0.037 0.023
No. of parameters 252 235 273 290 273 545
Rindices with I > R, = 0.0260, R, = 0.0464, R, = 0.0519, R, = 0.0366, R, = 0.0533, R, = 0.0470,
2a(l) WR, = 0.0728 WR; = 0.1363 WR, = 0.1499 wR, = 0.1018 WR; = 0.1441 WwR, = 0.1302
R indices with all R, = 0.0261, R, =0.0542, R, = 0.0556, R, = 0.0399, R, = 0.0594, R, = 0.0529,
data WR, = 0.0730 WR, = 0.1414 WR, = 0.1553 WR, = 0.1051 WR, = 0.1478 WR, = 0.1354
GOF 1.064 1.095 1.047 1.075 1.09 1.08
Apmins Mmaw € A7 -0.18, 0.20 -0.23, 0.53 -0.32, 0.41 -0.25, 0.25 -0.28, 0.25 -0.29, 0.32
CCDC deposit no. 1938121 1938122 1938144 1938146 1938148 1938149

time per step 0.5 s. For data collection, CrysAlisPro* software
was used.®® Analysis and comparison of experimental powder
XRD patterns from grinding and calculated powder XRD
patterns from the crystal structure were made using Kdif
software.”” Theoretical patterns were determined using the
Mercury program.”’

2.6. Solubility studies of cocrystals by steady-state absorption
spectroscopy

Steady-state UV-vis spectroscopy was used to determine the
cocrystal solubility in distilled water. UV-vis absorption
spectra were recorded using a two-beam Cary 100 UV-vis
spectrometer scanning from 200 to 800 nm with 1 nm
increments. Quartz cells with an optical length of 2 mm were
used. Calibration curves of every cocrystal were prepared (Fig.
S1f). Substance concentrations versus absorbance of the
substance at detection wavelength were plotted (Table 3). A
linear relationship was obtained and the slope was calculated
from the graph. To determine the solubility of cocrystals,
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saturated aqueous solutions of each were prepared. The
absorbance at detection wavelength (44.) was measured and
the concentration of the substance was calculated by applying
the following relationship:

absorbance at detection wavelength (/ge()
slope

[substance] =

(1)

2.7. Simultaneous thermal analysis (STA)

The thermal properties of the samples from mechanical
grinding were characterized using a STA analyser (Perkin-
Elmer STA6000). The thermal measurements were carried out
under a nitrogen atmosphere from room temperature to 400
°C at 10 °C min™".

3. Results

In this paper we report four cocrystals of theobromine (TBR)
with 2,4-dihydroxy- (24DHBA), 2,5-dihydroxy- (25DHBA),

CrystEngComm, 2019, 21, 7573-7388 | 7375
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Table 2 Hydrogen bond parameters in the described theobromine cocrystals

Cocrystal D-HA D-H [A] H---A [A] DA [A] D-H--A [°]

TBR-23DHBA-H,0 N1-H1--04' 0.87(3) 2.04(3) 2.898(2) 172(3)
07-H7A---06" 0.88(4) 1.99(4) 2.857(2) 168(3)
02-H2''N4 1.03(6) 1.63(6) 2.657(3) 174(5)
07-H7B:+- 06! 0.81(4) 2.06(4) 2.867(2) 177(4)
04-H4---07 0.87(3) 1.89(3) 2.689(2) 152(3)
03-H3---01 0.87(5) 1.76(5) 2.566(2) 153(4)

Symmetry codes: (i) x — 1/2, -y + 1/2, z + 3/2; (ii) x + 1/2, -y + 1/2, 2 - 3/2; (iii) x + 1/2,y - 1/2,z2 - 1

TBR-24DHBA N1-H1--04' 0.89(3) 2.02(3) 2.899(2) 172(2)
04-H4---06" 0.91(3) 1.77(3) 2.673(2) 174(3)
03-H3---01 1.04(2) 1.63(3) 2.584(2) 150(3)
02-H2''N4 1.06(4) 1.59(4) 2.648(2) 173(3)

Symmetry codes: (i) x + 1,y + 2, z; (ii) —x + 1/2, y - 3/2, -z + 1/2

TBR-25DHBA 04-H4--06' 0.85(3) 1.91(3) 2.748(2) 168(2)
N1-H1---05" 0.87(3) 1.92(3) 2.781(2) 172(2)
03-H3'01 0.94(3) 1.75(3) 2.602(2) 150(3)
02-H2'+-N4 0.96(3) 1.68(3) 2.628(2) 171(3)

Symmetry codes: (i) ~x + 1, -y + 2, ~z + 1; (ii) x + 2, p + 2, ~z

(TBR-H)"-(26DHBA) -H,0 N1-H1---07 0.92(2) 1.81(2) 2.735(2) 179(2)
O7—H7A---041 0.93(2) 1.90(2) 2.826(2) 177(2)
07-H7B-+-05" 0.86(3) 1.98(3) 2.827(2) 167(3)
04-H4A--02 0.95(3) 1.68(3) 2.549(1) 150(2)
03-H3---01 0.91(2) 1.68(2) 2.554(2) 161(2)
N4-H4:02 1.06(3) 1.50(3) 2.564(2) 180(2)

Symmetry codes: (i) -x + 1/2, y - 1/2, -z + 1/2; (ii) —x, -y + 1, -z + 1

TBR-34DHBA 04-H4---01" 0.84(3) 1.91(4) 2.731(2) 164(3)
03-H3---06" 0.95(4) 1.83(4) 2.783(2) 178(3)
N1-H1---05" 0.85(3) 1.89(4) 2.742(2) 175(3)
02-H2''N4 0.90(4) 1.77(4) 2.670(2) 178(4)

Symmetry codes: (i) —x +1/2, y + 1/2, z; (ii) —x + 1, -y + 1, ~z + 1; (iii) ~x + 1, -y, =z + 1

TBR-35DHBA 024-H24A---N4B 0.91(3) 1.78(3) 2.690(2) 178(2)
03A-H34'-01B’ 0.95(4) 1.87(4) 2.795(2) 164(3)
044-H4A4 -06A 0.81(3) 1.96(3) 2.757(2) 172(3)
02B-H2B---N4A 0.98(3) 1.71(3) 2.689(2) 178(3)
03B-H3B--01A" 0.95(4) 1.85(4) 2.789(2) 173(3)
O4B-H4B---06B _ 0.83(3) 1.92(3) 2.737(2) 170(3)
N14-H14:-058™ 0.87(2) 1.92(2) 2.785(2) 176(2)
N1B-H1B---054" 0.89(3) 1.93(3) 2.811(2) 176(2)

Symmetry codes: (i) x, y, z + 1; (i) x, y, 2 = 1; (ili) x - 1, y, z; (iv) x + 1, 9, 2

3,4-dihydroxy- (34DHBA) and 3,5-dihydroxybenzoic acid
(35DHBA), one cocrystal hydrate with 2,3-dihydroxybenzoic
acid (23DHBA) and one salt monohydrate containing
2,6-dihydroxybenzoate anion (26DHBA).

The nature of the above complexes has been ambiguously
confirmed based on the geometry of the carboxyl group and
the carboxylic acid proton location. In (TBR-
H)"-(26DHBA) -H,0 the acidic proton was localized on a
difference Fourier map near the imidazole nitrogen atom.

An empirical parameter which can help in acid-base
system design and gives an indication of the interval values,

Table 3 Cocrystal detection wavelengths

Detection wavelength (Zaet)

TBR-23DHBA-H,0 340
TBR-24DHBA 315
TBR-25DHBA 323
(TBR-H)"-(26DHBA) -H,0 340
TBR-34DHBA 310
TBR-35DHBA 323
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where proton transfer between an acid and base can be
observed, is the ApK, parameter’® described by the equation:
ApK, = pK,(protonated base) - pK,(acid) (2)

All ApK, values for our theobromine derivatives indicated
that cocrystals would be formed (Table 4). The latest studies

about the ApK, rule on crystal design have shown that a salt
will form when ApK, > 4 and a cocrystal when ApK, < -1

Table 4 Calculated ApK, values

Acid pKa” Calculated ApK,”
23DHBA 2.96 -3.87
24DHBA 3.32 -4.23
25DHBA 3.01 —3.92
26DHBA 1.30 -2.21
34DHBA 4.45 =5.36
35DHBA 3.96 -4.87

“ pK, values for dihydroxybenzoic acids were taken from D.-K. Bucar
et al. publication.” * pi, (protonated base) for theobromine is equal
t0 -0.91.7%

This journal is © The Royal Society of Chemistry 2019
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(based on 6465 acid-base complexes deposited in the
CSD).”*’ In Cruz-Cabeza work’™ ionizable and neutral
complexes as a function of the calculated ApK, graph were
presented and it can be concluded that salt formation is even
possible, when this value is equal to about -3. For
2,6-dihydroxybenzoic acid and theobromine this value is equal
to —2.21 and a typical salt was formed. Considering three
principles of hydrogen bond formation in organic compounds
established by Etter:"®

1. “All good proton donors and acceptors are used in
hydrogen bonding.”

2. “6-membered-ring intramolecular hydrogen bonds form in
preference to intermolecular hydrogen bonds.”

3. “The best proton donors and acceptors remaining after
intramolecular hydrogen-bond formation form intermolecular
hydrogen bonds to one another.” and the structure of selected
coformers, it can be concluded that TBR has one good proton
donor (N-H group in the pyrimidine ring) and three good
proton acceptors (exo- and endo-carbonyl oxygen atoms, and
the imidazole nitrogen atom), while dihydroxybenzoic acids
have three good proton donors (hydroxyl groups) and one
good proton acceptor (carbonyl oxygen atom in the carboxyl
group). Water molecules can also play a very important role in
crystal structure formation, because they can be both
hydrogen bond acceptors and donors. The occurrence and role
of particular synthons in the described cocrystal structures will
be discussed below.

3.1. Structural characterization of theobromine cocrystals

3.1.1. Theobromine-2,3-dihydroxybenzoic acid
monohydrate. TBR and 23DHBA cocrystallize as a
monohydrate in the monoclinic, noncentrosymmetric Cc
space group in a 1:1:1 stoichiometric ratio (Fig. 3a). The
components form a 1D polymer chain (Fig. 3b). The TBR
molecule is hydrogen bonded via 02-H2:--N4 interaction
with the 23DHBA molecule (synthon B1 - Fig. 2, Table 2).

A. Theobromine-theobromine homosynthons

Paper

Fig. 3 a) ORTEP representation showing the TBR-23DHBA-H,O
asymmetric unit with an atomic numbering scheme (thermal ellipsoids
are plotted with the 50% probability level); b) two-dimensional
structure showing a “stair” motif composed of 1D polymer systems
connected by water molecules; c) 3D structure of TBR-23DHBA-H,O
cocrystal hydrate held by n-stacking interactions.

B. Heterosynthons with Njpigazol atom as a proton

. acceptor 6
...H / H / H /
\( N N—H' \ N ~N N N N
<’ W A D2 A 2
N --H— o7 NN R PN
™ Lo RPN I af
His \ O H-o0" 0 H—g
}\ Synthon A1 Synthon A2 Synthon B1 Synthon B2
o] N
I C. Heterosynthons with exo- or endo-oxygen atoms as proton p D. He ynth with N-Hyy imidine group
C=0(exo-carbonyl) as a proton donor
N-H(pyrimidine) H H. R__H
C=0(endo-carbonyl)| o o} ~o” 0 o)
N(imidazole) H N/ H N/ | / | / :
N P N ) o N> Hay N> s >
R )\ 7 oM }\ % \ |
| Y, Vi /
o, O P\‘ N c'>\ o T N o)\ NN 0)\ N //J\
W [ 1
Synthon C1 Synthon C2 Synthon C3 Synthon D1 Synthon D2

Fig. 2 Particular theobromine synthons identified in its cocrystals with mono-*?
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and dihydroxybenzoic acids.
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The N-H group in the alkaloid pyrimidine ring is the proton
donor to the oxygen atom of the meta-hydroxyl group in the
acid (N1-H1---04' hydrogen bond, synthon D1). This hydroxyl
group is connected with a water molecule by the O4-H4---07
hydrogen bond. At the same time the solvent molecule is the
proton donor to the oxygen atom of the endo-carbonyl group
in the TBR molecule (O7-H7A---06' interaction, synthon C2).
In this way an R}(8) eyclic array is formed. Additionally, the
intramolecular hydrogen bond 03-H3:--O1 in the 23DHBA
molecule leads to S}(6) ring formation. The water molecule is
also the donor of the second proton to the oxygen atom of
the endo-carbonyl group of TBR located in the neighboring
chain (O7-H7A---O6 hydrogen bond, synthon C2). So, the
DDA (donor-donor-acceptor) hydrogen-bonding character of
solvent molecules can be observed and it is responsible for
the 2D structure formation. 1D polymer systems are arranged
in a “stair” motif, and by n(TBR)---n(23DHBA) interactions a
3D network is formed (Fig. 3c, Table S1}).

3.1.2. Theobromine-2,4-dihydroxybenzoic acid cocrystal.
TBR and 24DHBA form a cocrystal in a 1:1 stoichiometric
ratio in the monoclinic P2,/n space group. The asymmetric
unit consists of one molecule of each component (Fig. 4a).
TBR and 24DHBA form 1D linear polymer chains parallel to
the (452) crystallographic plane (Fig. 4b). The hydrogen atom

CrystEngComm

in the carboxyl group of 24DHBA is hydrogen bonded via O2-
H2--'N4 interaction with TBR (synthon B1 - Fig. 2, Table 2).
The ortho-hydroxyl group in the acid participates in an
intramolecular 0O3-H3---01 hydrogen bond. The oxygen atom
in the para-hydroxyl group of the acid accepts a proton from
the N-H group in the pyrimidine ring of TBR (N1-H1:-04!
interaction, synthon D1) and it is also a proton donor to the
endo-carbonyl group of the TBR molecule (0O4-H4---06"
hydrogen bond, synthon C1) present in the neighboring
chain parallel to the (638) crystallographic plane. Two sets of
polymer chains are inclined by 62.294(3)° and they are
stabilized through n(TBR):-'n(24DHBA) forces (Fig. 4c, Table
S1t). The TBR-24DHBA three-dimensional network is formed
thanks to C-H:-O interactions between adjacent stacks
(Fig. 4d).

3.1.3. Theobromine-2,5-dihydroxybenzoic acid cocrystal.
Theobromine-2,5-dihydroxybenzoic acid cocrystal crystallizes
in the P1 space group in a 1:1 ratio. The asymmetric unit
contains one acid and one alkaloid molecule (Fig. 5a). TBR
and 25DHBA form molecular ribbons (Fig. 5b). Within the
ribbons TBR molecules are held together by Ni-Hi---O5'
hydrogen bonds (synthon A2 - Fig. 2, Table 2) to form an
R3(8) cyclic array. An imidazole nitrogen atom of TBR accepts
the proton from the 25DHBA carboxyl group (O2-H2:-N4

Fig. 4 a) ORTEP representation of the TBR-24DHBA asymmetric unit with numbering of atoms (thermal ellipsoids are plotted with the 50%
probability level); b) polymer chain consisting of alternately hydrogen bonded TBR and 24DHBA molecules; c) 2D structure, viewed along the (101)
crystallographic plane, composed of two sets of polymer chain stacks inclined by ¢ = 62.294(3)°; d) 3D structure of TBR-24DHBA held by C-H---O

interactions.
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Fig. 5 a) ORTEP representation showing the asymmetric unit of the
TBR-25DHBA cocrystal with numbering of atoms (thermal ellipsoids are
drawn with the 50% probability level); b) molecular layer composed of
1D ribbons connected by C-H---O hydrogen bonds (marked in green
colour); ¢) 3D network (“stair” motif) formed by TBR and 25DHBA
molecules held by n-stacking interactions.

interaction, synthon B1). At the same time the meta-hydroxyl
group in the acid is a proton donor to the oxygen atom in the
endo-carbonyl group of TBR (04-H4---06' hydrogen bond,
synthon C1). An intramolecular O3-H3---O1 hydrogen bond
in the 25DHBA molecule forms an $j(6) motif. The TBR-
25DHBA ribbons are connected by C-H---O interactions to
form sheets parallel to the (212) crystallographic plane
(Fig. 5b). Layers are stacked in an offset manner and are
sustained by n(TBR)'--n(25DHBA) forces (Fig. 5¢, Table S17).
3.1.4. Theobrominium-2,6-dihydroxybenzoate
monohydrate. Theobromine and 2,6-dihydroxybenzoic acid
cocrystallize as a monohydrate salt (TBR-H)"(26DHBA) -H,-
O. The crystal structure was solved in the monoclinic P2,/
n space group. The asymmetric unit consists of one (TBR-
H)" cation, one 2,6-dihydroxybenzoate anion and a water
molecule (Fig. 6a). The structural analysis unambiguously
indicated the proton position at the imidazole nitrogen
atom of theobromine. In the 26DHBA molecule
intramolecular charge assisted O-H---O" hydrogen bonds
are observed (03-H3---O1 and 04-H4A---02) and they form
a 251(6) motif. A (TBR-H)" monocation is connected by an

This journal is @ The Royal Society of Chemistry 2019
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Fig. 6 a) ORTEP representation of the (TBR-H)*-(26DHBA)-H,O
asymmetric unit (thermal ellipsoids are drawn with the 50% probability
level); b) opposite-handed helices connected by water molecules (red
colour - left-handed helix along the 2, axis at the {, b, { position, blue
colour - right-handed helix along the 2; axis at the %, b, { position; c)
3D structure formed by interdigitated helices held by stacking
interactions.

N4-H4:--02" hydrogen bond with an acid monoanion. The
TBR molecule is hydrogen bonded with two solvent
molecules via N1-H1---O7 (synthon D2, Fig. 2, Table 2)
and O7-H7B---05" (synthon C3) interactions. At the same
time one of the hydroxyl groups of the 26DHBA anion
accepts a proton from a water molecule (O7-H7A:--04!
hydrogen bond). In the crystal structure of (TBR-
H)"-(26DHBA)-H,O helices of opposite handedness are
present and the solvent molecules are responsible for
connecting adjacent helical systems (Fig. 6b). The left-
handed helices extend along the 2, axis at the i y, ¢
position and the right-handed helices extend along the 2,
axis at the 4, y, 1 position. The pitch of these helices is

CrystEngComm, 2019, 21, 7373-7388 | 7379
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equal to 6.845(1) A, determined as a 07--Q7%"?
distance. Additionally, in the 3D network the opposite-
handed helices are interdigitated and held together by C-
H---O and n-stacking interactions (Fig. 6¢, Table S17}).

3.1.5. Theobromine-3,4-dihydroxybenzoic acid cocrystal.
Theobromine (TBR) and 3,4-dihydroxybenzoic acid (34DHBA)
cocrystallize in the orthorhombic Pbcn space group in a
stoichiometric ratio (1:1) with both one TBR and one
34DHBA molecule in the asymmetric unit (Fig. 7a).
Components of this cocrystal form 1D ribbons parallel to the
(201) and (201) crystallographic planes inclined by 120.6°
(Fig. 6b). The equivalent 1D layers are at 13.376(1) A from
each other. In this system synthons R3(8) are formed between
two TBR molecules through N1-H1---O5" interactions
(synthon A2 - Fig. 2, Table 2). Each alkaloid molecule is
hydrogen bonded via Nimidazor-"HOOC interaction with one
34DHBA (synthon B1) and with a second acid molecule via
O-H(meta) --O=C(endo-carbonyl) interaction (synthon C1,
Fig. 2). These ribbons are held together by 0O4-H4---01"
hydrogen bonds between the carboxyl group in one acid and
the para-hydroxyl group in the second acid molecule,
resulting in “wavy” zigzag sheet formation (Fig. 7c). These 2D
systems form stacks sustained by C-H---O forces and
n(TBR)--n(TBR) and n(TBR)--'n(34DHBA) interactions (Table
S1f).

3.1.6. Theobromine-3,5-dihydroxybenzoic acid cocrystal.
The crystal structure of theobromine and 3,5-
dihydroxybenzoic acid in 1:1 stoichiometry was solved in the

a)
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monoclinic P2,/c space group. There are two TBR and two
35DHBA molecules in the asymmetric unit. These
components form two-dimensional layers parallel to the (101)
crystallographic plane. Two alkaloid molecules form a dimer
through N-H:-O hydrogen bonds (synthon A1) and the result
is the cyclic array R%8) formation. Each TBR molecule is
connected with two 35DHBA molecules by O-H--'N (synthon
A2) and O-H---O (synthon B1) hydrogen bonds, respectively.
The second hydroxyl group from the acid is involved in dimer
acid-acid R3(14) formation by C=0(carboxyl)---H-O(hydroxyl)
interactions. In this cocrystal the two hydroxyl groups of the
acid molecules adopt the most favorable anti-anti
conformation.”” The TBR-35DHBA sheets form stacks along
[010] and they are held together by n(TBR) -m(35DHBA)
interactions (Fig. 8c, Table S17).

3.2. Powder X-ray diffraction

The theoretical powder XRD patterns for theobromine-
dihydroxybenzoic acid systems were generated using the
Mercury program.”’ They were compared with the powder XRD
patterns for the samples from neat grinding (II - TBR-24DHBA,
1T - TBR-25DHBA, V - TBR-34DHBA, VI - TBR-35DHBA) and
liquid-assisted grinding (I - TBR-23DHBA-H,0 and IV - (TBR-
H)"(26DHBA) ‘H,0). The experimental and theoretical
diffractograms denoted by A and B, respectively, for I, II, III, IV
and V samples are similar. We can see differences in the peak
intensity for the two powder XRD patterns of II and V

Fig. 7 a) ORTEP representation of the TBR-34DHBA cocrystal with an atomic numbering scheme (thermal ellipsoids are drawn with the 50%
probability level); b) 2D structure composed of molecular ribbons connected by O-H---O hydrogen bonds present on the sheet bend; c) the
“zigzag” sheet formed by =n-stacking interactions between 1D ribbons (blue and green colours represent 34DHBA and TBR molecules,

respectively).
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Fig. 8 a) ORTEP representation of the asymmetric unit in the TBR-35DHBA cocrystal (thermal ellipsoids are plotted with the 50% probability level);
b) the 2D molecular layer consisting of TBR and 35DHBA molecules; c) the 3D structure composed of layers sustained by n-stacking forces.

substances. For cocrystal VI, differences in both powder
diffractograms are visible, particularly in the peak positions and
intensities, which can be explained by the difference in the
degree of sample crystallinity (Fig. 9).

3.3. Solubility measurements

The current great attention towards development of
cocrystals is due to the ability of cocrystals to fine tune the
solubility properties of APIs. Theobromine is very slightly
soluble in water (0.330 g L7').2% Therefore, to improve its
aqueous solubility cocrystals with dihydroxybenzoic acids
were prepared. Solubility values were determined using
steady-state absorption spectroscopy.

The results summarized in Table 5 show an improved
solubility in all six solids compared to the pure TBR. The
solubility of cocrystals with dihydroxybenzoic acid containing
ortho-hydroxyl groups increases with increasing coformer
solubility. The exception is (TBR-H)"-(26DHBA) -H,0, which is
the most highly soluble complex among all the cocrystals
described in this paper and shows 100 times improvement in
the solubility of TBR. TBR-25DHBA is the least soluble
cocrystal, whose solubility is 4.4 times higher than the
solubility of TBR. The solubilities of 34DHBA and 35DHBA
are comparable. Surprisingly, TBR:35DHBA shows an about

This journal is @ The Royal Society of Chemistry 2019
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Fig. 9 Powder XRD patterns for described theobromine systems. | -
TBR-23DHBA-H;O, Il - TBR-24DHBA, Il - TBR-25DHBA, IV - (TBR-
H)*-(26DHBA)-H,O, V - TBR-34DHBA, and VI - TBR-35DHBA. A -
powder XRD patterns for samples from grinding, B - theoretical
powder XRD patterns generated from the single crystal structure.
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Table 5 Solubility of theobromine cocrystals in water. The increase relative to TBR is shown in parentheses

Absorption solubility” (g L")

Aqueous solubility of coformers (g L")

TBR-23DHBA-H,0 6.25 (x18.9)
TBR-24DHBA 1.60 (x12.2)
TBR-25DHBA 1.45 (x4.4)
(TBR-H)"-(26DHBA) -H,0 33.3 (x100)
TBR-34DHBA 2.20 (x6.7)
TBR-35DHBA 8.76 (X26.5)

29.1 (ref. 77)
8.0 (ref. 78)
2.2 (ref. 79)
9.56 (ref. 80)
12.4 (ref. 81)
12.0 (ref. 82)

“ The values in parentheses indicate the extent of increase (x) relative to the solubility of TBR.

26 fold increase in the solubility of TBR whereas for
TBR-34DHBA only 7 times.

3.4. Sir bus thermal analysis (STA)

The thermal behaviour of the resulting cocrystals was
characterized by DSC, as shown in Fig. 10. Four out of the six
(TBR-24DHBA, TBR-25DHBA, TBR-35DHBA, and TBR-34DHBA)
samples display a sharp melting endotherm, indicating highly
crystalline materials. In their DSC curves, two signals are
observed. The first signal refers to the complete
decomposition of appropriate dihydroxybenzoic acid. The
second signal, around 310-320 °C, is attributed to the
decomposition of the TBR molecules. The melting points of
the cocrystals and starting materials are tabulated in Table 6.
The melting points of the cocrystals range from 198 to 279 °C
although all the cocrystals are position isomers. There is no
correlation between the melting point of the cocrystals and
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the melting point of the coformers but cocrystal melting
points are between those of the coformer and theobromine.
Since the decomposition temperature of dihydroxybenzoic
acids is higher than that of the pure coformers, it can be
concluded that the 24DHBA, 25DHBA, 34DHBA and 35DHBA
molecules are stabilized in the cocrystals.

The presence of water in the TBR-23DHBA-H,O crystal
structure is evident from the DSC measurement. The
signals around 100 °C are connected with the release of
the water molecules from the crystal structure. Based on
the weight loss in the 90-130 °C temperature range, the
percentage of water content is equal to about 5%. This
value is in agreement with single crystal X-ray analysis.
Below 90 °C no weight loss is observed, which leads to
the conclusion that there is no unbound water in the
sample. The next two signals at 198 °C and 310 °C refer

to complete decomposition of 23DHBA and TBR
molecules, respectively.
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Fig. 10 The simultaneous thermal analysis (STA) curves of A) TBR-23DHBA-H,0, B) TBR-24DHBA, C) TBR-25DHBA, D) (TBR-H)*-(26DHBA) -H,0, E)
TBR-34DHBA, and F) TBR-35DHBA. TGA and DSC curves are presented by black and red colours, respectively.
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Table 6 Melting points of cocrystals and coformers

Coformer melting point (°C) Cocrystal melting point

(ref. 83) (°C)
23DHBA 208 198
24DHBA 225 250
25DHBA 201 279
34DHBA 201 235
35DHBA 238 268

The (TBR-H)"-(26DHBA) H,0 salt exhibits a melting point
at 193 °C, between those of TBR (351 °C)’* and 26DHBA (173
°C).** For this salt, the DSC endotherm shows first signals
below 100 °C. They can be connected with the release of
water molecules. In the 100-250 °C temperature range, three
endothermic signals are observed. In this range, the material
loss reaches 32%. It can be concluded that the signals refer
to complete decomposition of 26DHBA. There is no sharp
melting endotherm, which excludes the presence of
crystalline parts. The signal at 313 °C is attributed to the
decomposition of the TBR molecules.

4. Discussion

Eight of 32 theobromine structures deposited in the CSD**
(without repeats and RUTHEV'’) contain theobromine-
carboxylic acid systems: CSATBR,' GORGUR,” HIJYAB,*"
HIJYEF,” MUPPET,” NURYUV,”* ZIZRUX" (the same as
ZIZRUXO1 (ref. 53)) and ZOYBOG.”” Additionally, TBR-2HBA,
TBR-3HBA and TBR-4HBA-H,O complexes were taken into
consideration for supramolecular synthon analysis of
theobromine.**

4.1. Synthon hierarchy - synthon A1 vs. synthon A2
(homosynthon amide-amide)

The theobromine molecule, in contrast to theophylline
and caffeine, can form two types of amide-amide
homosynthons depending on the endo- or exo-carbonyl
oxygen atom, which is involved in it (synthons A1 and A2,
Fig. 2). In TBR2HBA, TBR:3HBA, TBR-25DHBA,
TBR:34DHBA and TBR-35DHBA cocrystals, TBR-TBR
homosynthons are formed through the exo-oxygen atom
(synthon A2). A homodimer with endo-oxygen atom
participation (synthon A1) is only observed in the TBR
«4HBA-H,0 complex. In TBR:23DHBA-H,0, TBR-24DHBA
and (TBR-H)"(26DHBA) -H,0, an amide-amide motif is not
present. Synthon A2 TBR-TBR is more favourable than
synthon A1l in this alkaloid cocrystal within carboxylic
acids. For comparison, in the crystal lattice of pure
theobromine, synthon II is present (SEDNAQ).** oOur
results are in line with deposited structures in the CSD.**
In four structures, this kind of homosynthon is formed by
the exo-carbonyl oxygen atom (GORGUR, HIJYAB, NURYUV,
and ZIZRUX). In the remaining four entries (CSATBR,
HIJYEF, MUPPET, and ZOYBOG), homosynthons TBR-TBR
are not observed, but two types of heterosynthons amide-

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Two possible types of amide-carboxylic acid heterosynthons
in theobromine-carboxylic acid systems.

acid are present (Fig. 11). In CSATBR, the exo-oxygen
atom and in HIJYEF, MUPPET and ZIZRUX, the
endo-oxygen atom take part in this heterodimer formation.

4.2. Synthon hierarchy - synthon B1 vs. synthon B2
(heterosynthon with imidazole nitrogen atom participation)

In 6 out of the 8 entries in the CSD, the imidazole nitrogen atom
of theobromine accepts a proton from the carboxyl group
(COOH'*‘Nimidazole hydrogen bond, Fig. 2). In all of the
theobromine-dihydroxybenzoic ~ acid  systems, the same
interaction (synthon B1) is present. When the theobromine forms
cocrystals with 2HBA and 3HBA, the same motif is formed. Only
in the TBR-4HBA-H,O cocrystal hydrate is that the hydroxyl
group is a proton donor to the Nipigaoe atom (synthon B2,
Fig. 2, Table 7), because pairs of carboxylic acid molecules form
homosynthons. The carboxylic acid-carboxylic acid homosynthon
formation is rare in the closed neighbourhood of the alkaline
N(aromatic) atom, and thus is interesting.*® In caffeine cocrystals
with  hydroxybenzoic acids as coformers, only an
Nimidazole' "HOOC synthon is formed (Table 9) and acid-acid
homodimers are not present.**®” However, in theophylline
cocrystals with 2HBA, 3HBA, 25DHBA and 35DHBA, synthon B1
is present. In theophylline cocrystals with 4HBA, 23DHBA,
24DHBA and 34DHBA (polymorph 1I), theophylline-acid
heterosynthons are formed through N-H:-O=Ccyrhoxyt and
C=0,yo"""H~Ocaboxy hydrogen bonds (Table 8) and the hydroxyl
group is a donor proton for the imidazole nitrogen atom
(synthon B2). In polymorph I of TPH-34DHBA, two carboxyl
groups are engaged in acid-acid homodimer formation, thus the

Table 7 Summary of the contribution of particular theobromine groups
to supramolecular synthon formation in theobromine cocrystals with
mono- and dihydroxybenzoic acids

TBR complex Nimidazole C=Oexo N-Hpyrimidine C=Oendo

TBR-2HBA B1 A2 A2 X
TBR-3HBA Bl A2 A2 C1
TBR-2(4HBA)-H,0 B2 C3 A1 Al, C2
TBR-23DHBA-H,0 B1 i D1 c2
TBR-24DHBA B1 x D1 c1
TBR-25DHBA B1 A2 A2 C1
(TBR-H)"-(26DHBA) -H,0 Proton  C3 D2 x
transfer

TBR-34DHBA B1 A2 A2 Cc1
TBR-35DHBA Bl A2 A2 c1
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Table 8 Supramolecular synthons in theophylline cocrystals with mono-*? and dihydroxybenzoic acids*385:86

TPH complex REFCOD Nimidazole N-Himidazole C=0¢xo C=O¢ndo

TPH-2HBA® KIGLES COOH: - Nimidazole N-H---0=Ccxo C=Ocxo'H-Nimidazole ¥

TPH-3HBA” DOPMUS COOH " *Nimidazole N-H-+-0=C,xo C=0;x,"*"H-Nimidaole C=O¢ndo" " H-Onydroxyt
TPH-4HBA” KIGLOC OH-"**Nimidazole N-H-**O=Ccarboxyl C=0¢xo""H-Ocarboxyl x

TPH-23DHBA” DOPNAZ OH"**Nimidazole N-H-O=Cearboyt  C=Opz0"  H-Ocarboxyl x

TPH-24DHBA" DOPNED OH-* Nimidazole N-H---O0=Ccarboxyl C=0¢xo" "H-Ocarboxyl C=0¢ndo" " H-Onydroxy1
TPH-Z4DHBA-H201' DEYREF HO-H"*‘Nimidazole N-H---O=Cearboxyl C=0exo" " H-Ocarboxyl C=0,n4, - "H-OH
TPH-25DHBA" DUCROJ COOH"**Nimidazole N-H-0=Cexo C=0¢x,"**H-Nimidazole C=Ocndo"* H-Onydroxyl
(TPH-H)"-(26DHBA) -H,0 WOCHEDO1L  COO - “H-Nimidazole ~ N-H---OH, C=0,,,"*H-OH x

TPH-34DHBA (polymorph 1) WOCHON OH"*Nimidazole N-H---0=Cx C=O¢xo 'H-Nimidazole =~ C=Oendo’*"H-Ohydroxyl
TPH-34DHBA (polymorph 1)) WOCHON02  OH-**Nimidazole N-H--0=Cearboxyt ~ C=Oexo" " H-Ocarboxyl C=0.ndo"* H-Onyaroxyl
TPH-35DHBA" WOCHIHO1 COOH'**Nimidazole N-H-+0=Cexo C=0¢x,"**H-Nimidazole C=O¢ndo" " H-Onydroxyt

“ TPH-TPH homosynthons formed through N-H:-0=C,, hydrogen bonds. ” TPH-acid heterosynthons formed through N-H-*-O=Ccarboxy and

C=0,x" “H-Ocarboxy hydrogen bonds.

Table 9 Supramolecular synthons in caffeine derivatives with mono- and dihydroxybenzoic acids**®’

CAF complex REFCOD Nimidazole C=0x0 C=O0pd0

CAF-2HBA XOBCAT COOH - "Nipmidazole x X

CAF-3HBA MOZCOU midazole x C=0¢nao"* " H-Onydroxyl
CAF-2(4HBA) MOZDAH COOH-**Nimidazole C=0¢xp"*"H-Ohydrowi C=0¢ndo"*"H-Ohydroxyl
2CAF-4HBA MOZCUAOL COOH:* Nimidasole x =000 H-Ohyetrony1
CAF-4HBA-H,0 LATBIT COOH:*Nimidazole C=0,,,-~-H-OH C=0,q0--H-OH
CAF-23DHBA-H,O MOZDEL COOH-**Nimidazole C=0,y, - 'H-OH" X

CAF-24DHBA-H,0 MOZCIO COOH-*Nimidazole C=0,,,"+H-OH C—=0, 40 'H-OH
CAF-25DHBA MOZDIP COOH-Nimidasole =00 H-Onytronyi x

CAF-35DHBA-H,O MOZCEK COOH-"Nimidazole C=0,,,"""H-OH C=0¢pgo " H-Onydroxyl

“ Hydrogen atoms in water molecules were not locatable on the difference Fourier map.

remaining two hydroxyl groups compete in proton donation to
the Nipidazole atom (the meta-hydroxyl group is a donor proton for
the endo-oxygen atom in TPH, so only the para-hydroxyl group
can donate a proton to the imidazole nitrogen atom).**#5
Additionally, in two theobromine-acid structures found
in the CSD (MUPPET and ZOYBOG), the imidazole
nitrogen atom of theobromine accepts a proton from a
water molecule (Nimigazole'*"H-OH synthon, Fig. 12).** This
synthon, which is interesting, was also found only in two
alkaloid-acid systems, ie. in  theophylline-2,4-
dihydroxybenzoic acid monohydrate (DEYREF) and caffeine-
3,4,5-tri hydroxybenzoic acid hexahydrate (ZICGIE).**

4.3. Synthon hierarchy - synthons C1, C2 and C3
(heterosynthons with exe- and endo-carbonyl group
participation)

The exo- and endo-oxygen atoms in the theobromine
pyrimidine ring can take part in amide-amide homosynthon

o R
R. N
N
A)i?
OFIWTN. H
R "H-0

Fig. 12 The heterosynthon formed between a water molecule and the
imidazole nitrogen atom of the alkaloid molecule.
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(observed in the structure in our work) or in amide-acid
heterosynthon formation. Moreover, near these synthons
there is another oxygen atom, which can also be a potential
acceptor of protons. In theobromine cocrystals with 3HBA,
25DHBA, 34DHBA and 35DHBA, where homosynthon TBR-
TBR with an exo-oxygen atom is present, endo-oxygen atoms
are proton acceptors from hydroxyl groups (synthon C1,
Fig. 2). A similar situation is found in ZIZRUX, where the
endo-carbonyl group is a proton acceptor from the amine
group. In the TBR-2HBA cocrystal (and in GORGUR, HIJYAB,
and NURYUV) with the same TBR-TBR homodimer, the
endo-oxygen atom does not take part in strong hydrogen
bond formation. In TBR-4HBA-H,0 with TBR-TBR
homosynthons formed through endo-oxygen atoms, water
molecules are proton donors to both exo- and endo-oxygen
atoms (synthons C2 and C3). In TBR-23DHBA-H,O0,
TBR-24DHBA  and  (TBR-H)":(26DHBA) ‘H,0, TBR-TBR
homosynthons are not formed. In TBR-23DHBA-H,O, the
endo-oxygen atom is a double proton acceptor from two water
molecules (synthon C2), in salt monohydrate with 26DHBA,
the exo-oxygen atom is a single proton acceptor from a water
molecule (synthon €3), and in TBR-24DHBA, the endo-oxygen
atom accepts a proton from the hydroxyl group of the acid
(synthon C1).

In CSATBR, where acid-amide heterosynthons are formed
through the exo-oxygen atom, the endo-oxygen atom does not
take part in strong hydrogen bond formation. There are also

This journal is © The Royal Society of Chemistry 2019
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three structures with amide-acid heterosynthons with
exo-carbonyl group participation. In HIJYEF, the exo-oxygen
atom is not hydrogen bonded, in MUPPET, this oxygen atom
is a double proton acceptor from two water molecules, and in
ZOYBOG, the endo-oxygen atom accepts a proton from the
hydroxyl group, and, additionally, water molecules are proton
donors to the exo-oxygen atom.

4.4, Synthons D1 and D2 (with an amine group in pyrimidine
ring participation)

In theobromine-acid systems deposited in the CSD, the N-H
group of the theobromine pyrimidine ring takes part in the
formation of either amide-amide homosynthons or amide-
acid heterosynthons.** From the nine theobromine
complexes with mono- and dihydroxybenzoic acids in TBR
-23DHBA-H,0, TBR-24DHBA and (TBR-H)":(26DHBA) -H,O,
homosynthon amide-amide is not formed. In the first two
systems, N-H groups are proton donors for oxygen atoms in
meta- or para-hydroxyl groups, respectively (synthon D1,
Fig. 2, Table 7). In the crystal structure of the salt containing
a 2,6-dihydroxybenzoate anion, the N-H group is a proton
donor to the oxygen atom of water molecules (synthon D2).

4.5. Hydrate formation

Theobromine cocrystallizes as a monohydrate with 4HBA,
23DHBA and 26DHBA as coformers. In theophylline cocrystal
analogues, hydrates are formed with 24DHBA* and
26DHBA.”> Four monohydrates of caffeine with 4HBA,*"
23DHBA,* 24DHBA™ and 35DHBA™ as coformers have been
published. The role of water molecules in the crystal lattice
may be the balanced ratio of hydrogen-donors to the number
of hydrogen-acceptors.”® However, in the case of alkaloid
cocrystals with mono- and dihydroxybenzoic acids, the
influence of the steric effects is more significant in hydrate
formation. In the TBR-4HBA-H,O hydrate, while two carboxyl
groups form a homodimer and one hydroxyl group of one
acid is a proton donor to the imidazole nitrogen atom, a

Paper

second hydroxyl group is connected with the theobromine
molecule by a water molecule to minimize contacts between
benzene (4HBA) and the methyl group near the pyrimidine
ring. In TBR-23DHBA-H,0, the meta-hydroxyl group of one
acid molecule accepts a proton from the N-H group in the
pyrimidine ring of TBR,
meta-hydroxyl group in the second acid molecule and the
endo-oxygen atom of the same theobromine molecule could
cause repulsive interactions between two benzene rings of
23DHBA. In (TBR-H)"(26DHBA) -H,0, water molecules
localized between two theobromine molecules decrease
repulsive interactions between methyl groups near
pyrimidine and benzene (26DHBA) rings. This is the reason
why TBR-TBR homosynthons in the crystal lattice of this
complex are not formed. This example is similar to the (TPH-
H)"-(26DHBA) -H,O hydrate, where water is present between
two theophylline molecules and homosynthons TPH-TPH are
not present. In caffeine molecules, the methyl groups in the
vicinity of endo- and exo-oxygen atoms provide steric
hindrance, which destabilizes the crystal structure. Water
molecules present in caffeine cocrystal hydrates play a crucial
role in elimination of repulsive interactions between the
aromatic ring in the acid and methyl groups by forming O-
H---O hydrogen bonds. In CAF-4HBA-H,0, CAF-23HBA-H,0,
CAF-24HBA-H,0 and CAF-35HBA-H,0, water molecules are
proton donors only to the exo-oxygen atom, while in CAF
“4HBA-H,0 and CAF-24HBA-H,0, each of them (endo- and
exo-oxygen atoms) is a proton acceptor from different water
molecules***” (Table 9). Additionally, Table 10 shows in
which way water molecules affect the dimensionality of
alkaloid-hydroxybenzoic acid hydrates.

so direct connection of the

4.6. The ortho-hydroxyl groups form intra- and
intermolecular hydrogen bonds

The ortho-hydroxyl groups in 2HBA, 23DHBA, 24DHBA,
25DHBA and 26DHBA in theobromine,*? theophylline*>5*5
and caffeine*®® cocrystals form intramolecular hydrogen

Table 10 The comparison of systems composed of strong hydrogen bonds in theobromine, theophylline and caffeine complexes with mono- and

dihydroxybenzoic acids*? 48587

TBR TPH CAF
2HBA Discrete 1D infinite Discrete
3HBA 1D infinite 1D infinite Discrete
4HBA 1D infinite” 1D infinite MOZDAH - 2D infinite
MOZCUAO1 - discrete
LATBIT - 2D infinite®
23DHBA 2D infinite” 1D infinite 1D infinite”
24DHBA 2D infinite DOPNED - 2D infinite 2D infinite”
DEYREF - 2D infinite”
25DHBA 1D infinite 2D infinite 1D infinite
26DHBA 2D infinite” 1D infinite” xP
34DHBA 2D infinite WOCHON - 2D infinite x¢
WOCHONO2 - 2D infinite
35DHBA 2D infinite 2D infinite 3D infinite”

“ Infinite system with water molecule participation. * CAF-26DHBA complex not found in the literature and in the CSD.*" ¢ Cocrystal was
obtained, which was confirmed by powder XRD patterns, but cocrystallization of these substances did not give good quality monocrystals.**

This journal is © The Royal Society of Chemistry 2019
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bonds  O-Huydrowt' "O—Ccarboxyi- ~ This  observation s
compatible with one of the principles given by Etter:”®

“6-membered-ring intramolecular hydrogen bonds form in
preference to intermolecular hydrogen bonds.”

Therefore, the participation of this group in the
intermolecular hydrogen bond formation was doubtful.** An
exception is the structure of (TBR-H)"(26DHBA) -H,0 where
one hydroxyl group is also a proton acceptor from a water
molecule. The same situation is found in the CAF-23HBA-H,O
cocrystal hydrate.** The ortho-hydroxyl groups in TPH-2HBA
and TPH-25HBA cocrystals form intermolecular O-
Hhydrowyl**O=Cearboy1  hydrogen bonds together with the
carboxyl group in the neighboring acid molecule. The
imidazole nitrogen atom in TPH:24HBA is a proton acceptor
from the o-hydroxyl group.** The fact of intermolecular
hydrogen bond formation by ortho-hydroxyl groups in TBR,
TPH and CAF cocrystals is difficult to explain so far and
research in this area is ongoing.*?

5. Conclusions

We prepared six new theobromine derivatives. Four
theobromine cocrystals with 2,4-dihydroxy-, 2,5-dihydroxy,
3,4-dihydroxy and 3,5-dihydroxybenzoic acids, one TBR
-23DHBA-H,O cocrystal hydrate and one salt hydrate
containing a  theobrominium cation  and 2,6-
dihydroxybenzoate anion were obtained by slow evaporation
from solution and they were characterized by a single X-ray
diffraction method. The powder XRD patterns confirmed the
possibility of synthesis of these complexes by neat or liquid-
assisted grinding. The UV-vis spectral measurements showed
the improvement of theobromine solubility in water after
cocrystallization. For neutral complexes, with no proton
transfer, a 4.4- to 26.5-fold improvement in solubility
compared to pure theobromine was demonstrated. For the
salt monohydrate (TBR-H)"-(26DHBA) -H,0, there is a 100-
fold improvement in the theobromine solubility in water in
relation to the pure alkaloid. For five theobromine cocrystals,
the simultaneous thermal analysis showed an improvement
in thermal stability after cocrystallization. Four samples
(TBR:24DHBA, TBR-25DHBA, TBR-34DHBA and
TBR-35DHBA) display a sharp melting endotherm, indicating
highly crystalline materials. A lower melting endotherm is
uncommon in cocrystals but reports for low melting-point
cocrystals are available in the literature.’”

In this paper, supramolecular analysis with homo- and
heterosynthons responsible for self-organizing molecules in
theobromine solids with mono- and dihydroxybenzoic
acids was presented. Homosynthon amide-amide between
two theobromine molecules with an exo-oxygen atom is
more favorable than that with endo-oxygen atom
participation. In most cases, the oxygen atoms not
involved in TBR-TBR homodimer formation are proton
acceptors from the hydroxyl group or water molecule(s).
The acid-acid homosynthon occurs only in the TBR
*4HBA-H,O cocrystal hydrate. In the intermolecular O-

7386 | CrystEngComm, 2019, 21, 7373-7388
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H'*‘Nimidazole hydrogen bond, the carboxyl group is more
often a proton donor than the hydroxyl group. In each
solid, where the coformer has an ortho-hydroxyl group, an
intramolecular O-H---O hydrogen bond is formed.
Additionally, in (TPH-H)"(26DHBA) ‘H,0, one
ortho-hydroxyl group accepts a proton from a water
molecule. The pK, values of coformers do not affect the
formation of particular supramolecular synthons by
theobromine. These conclusions show how difficult it is
to design a cocrystal structure from molecules containing
many hydrogen-bonding groups. Our studies are in line
with the trend of structural research and supramolecular
synthon hierarchy in organic cocrystals. The similarities
and differences in the formation of specific synthons
presented in this paper are certainly important
information in the topic of preferred synthons, not only
in purine alkaloid cocrystals, indicating the need for
further research in the field of organic cocrystal design.
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S1. Stacking interactions geometry in theobromine derivatives with
dihydroxybenzoic acids.

Table S1. Stacking interactions geometry in described theobromine (TBR) cocrystals.

Cocrystal ArM  ArN ArM--ArN @  Dihedral angle Interplanar distance  Offset 9
[A] [’ 9 (A] 1A]

(TBR):(23DHBA)-(H;0) Arl Ar3v 3.923(1) 8.847(1) 3.361(1) 2.023(1)
A2 Ar3v  3.904(1) 8.901(1) 3.157(1) 2.297(1)
Arl Ar3v 3.607(1) 4.726(1) 3.266(1) 1.531(1)
Ar2  Ar3v 3.564(1) 4.651(1) 3.388(1) 1.106(1)

Symmetry codes: (v) x, y, z+1, (vi) -1/2+x, 3/2-y, 1/2+z

(TBR)-(24DHBA) Arl  Ar3i 3.486(1) 2.191(1) 3.333(1) 1.021(1)

Symmetry code: (jii) x+1, y+1, z

(TBR)-(25DHBA) Arl  Ar3i 3.635(1) 2.188(1) 3.297(1) 1.529(1)
Ar2  Ar3i 3.682(1) 2.172(1) 3.321(1) 1.589(1)
Arl Ar3v 3.452(1) 2.188(1) 3.341(1) 0.869(1)
Ar2 A3V 3.633(1) 2.172(1) 3.317(1) 1.483(1)

Symmetry codes: (iii) 2-x, 1-y, 1-z, (iv) 1-x, 1-y, 1-z

(TBR-H)*-(26DHBA)~(H,0) Arl  Ar3i  3.553(1) 1.285(1) 3.280(1) 1.366(1)
Ar2  Ar3i 3.749(1) 0.856(1) 3.296(1) 1.785(1)

Symmetry code: (jii) 1-x, 2-y, 1-z

(TBR):(34DHBA) Arl Arlv 3.304(1) 0.094(1) 3.278(1) 0.412(1)
Ar2  Ar3Y  3.443(1) 2.728(1) 3.316(1) 0.928(1)

Symmetry codes: (iv) 1-x, y, 1/2-z, (v) x, 1-y, 1/2+z

(TBR)-(35DHBA) ArlA  Ar3AY  3.909(1) 2.416(1) 3.300(1) 2.096(1)
Ar2A Ar3AY  3.531(1) 2.615(1) 3.226(1) 1.434(1)
Ar2A  Ar3Av 3.678(1) 3.029(1) 3.244(1) 1.732(1)
ArlB  ArlBY  3.373(1) 0 3.290(1) 0.743(1)
Ar2B  ArlBY  3.648(1) 1.422(1) 3.309(1) 1.537(1)
ArlB  Ar3Bvi  3.743(1) 3.434(1) 3.303(1) 1.759(1)
Ar2B  Ar3BYi  3.770(1) 4.816(1) 3.424(1) 1.578(1)

Symmetry codes: (v) x, 1/2-y, z-1/2, (vi) 1-x, 1-y, 1-z, (vii) 2-x, 1-y, 1-z, (viii) x, 1/2-y, z+1/2
Arl - pyrimidine ring in TBR; Ar2 — imidazole ring in TBR; Ar3 — benzene ring in particular acid molecule; a) The distance between the ring
centroids. b) The angle between aromatic ring planes. c) The distance between ArN plane to ArM centroid. d) The distance between ArM and
ArN projected onto the ring plane M.
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S2. Steady-state absorption calibration curves.
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ABSTRACT: In this work, benzene-1,3,5-tricarboxylic (trimesic "

acid, TMSA) and benzene-1,2,3-tricarboxylic acid (hemimellitic - i COOH

acid, HMLA) were used as coformers for cocrystal synthesis with )\)t » * HQOC\@":OOH

chosen purine alkaloids. Theobromine (TBR) forms cocrystals TBR- o7 NN

TMSA and TBR-HMLA with these acids. Theophylline (TPH) N 25

forms cocrystals TPH-TMSA and TPH-HMLA, the cocrystal hydrate Septafive oarboslc ackd
TPH-TMSA-2H,0 and the salt hydrate (TPH)"(HMLA)™-2H,0. /

Caffeine (CAF) forms the cocrystal CAF-TMSA and the cocrystal

hydrate CAF-HMLA-H,0. The purine alkaloid derivatives were

obtained by solution crystallization and by neat or liquid-assisted \%Y 1 )’%

grinding. The powder X-ray diffraction method was used to confirm ) ‘/\(

the synthesis of the novel substances. All of these solids were - 37 O evat B,
structurally characterized, and all synthons formed by purine r }\j\ 1 f -
alkaloids and carboxylic acids were recognized using a single-crystal L Y
X-ray diffraction method. The Cambridge Structural Database was

used to determine the frequency of occurrence of analyzed sat dirte formation :::rpyrsoli:lnlgrsm“:'l?;n

supramolecular synthons, which is essential at the crystal structure

design stage. Determining the influence of structural causes on the various synthon formations and molecular arrangements in the
crystal lattice was possible using structurally similar purine alkaloids and two isomers of benzenetricarboxylic acid. Additionally, UV—
vis measurements were made to determine the effect of cocrystallization on purine alkaloid solubility.

1. INTRODUCTION polymorphs) to modify the properties of the APL'"'9™*?
Around 60—70% of the discovered drugs belong to the BCS
classes 11 (low solubility and high permeability) and IV (low
solubility and low permeability), which means that it is
essential to search for appropriate methods of drug
modification that will eliminate the difficulties associated
with unfavorable drug properties: i.e., solubility, stability, or
therapeutic effectiveness. One of the most effective ways to
improve the physicochemical properties of a drug is
pharmaceutical cocrystallization, which consists of introducin
guest molecules (coformers) into the API's crystal lattice.”*”
Among other important physicochemical properties, in
addition to solubility, that can be improved by the
cocrystallization process there are_also bioavailability,*> >
dissolution rate,”**=** tabletability,”*** stability,>**0~>*3¢=3?

Cocrystals, two- or multiple-component solids containing
substances that are also solids under neutral conditions, are
gaining increasing interest, especially in the pharmaceutical
industry, where one of the components is the pharmaceutically
active ingredient (API).'™ These complex systems arise
spontaneously as a result of component interactions using
noncovalent, intermolecular, reversible interactions, i.e., hydro-
gen bonds, -7, or van der Waals forces.”™ " In this way there
are modifications of the molecular arrangement in the crystal
lattice. The aggregates formed usually have properties different
from those of the substances that are part of the molecular
complex ® From a pharmaceutical point of view, the water
solubility and permeability are some of the most important
properties of a §iven substance that determine its clinical
effectiveness.''~'* These two properties assign a drug to a —
specific group in the biopharmaceutical classification system Received:  September 8, 2020 R
(BCS), which in turn allows a choice of a suitable method to Revised:  December 17, 2020
improve the properties of a given drug.'*~'* There are many Poblished: ‘December 28;.2020
physical (partide size reduction, mechanical micronization,

solid dispersion, and nanoparticles) and chemical methods

(formation of cocrystals, salts, and solvates and search for

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.cgd.0c01242
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hygroscopicity, flowability, and mechanical
properties.”* One of the most important advantages of
cocrystal formation is the possibility of modifying the
physicochemical properties without changing or improving
the pharmacological activity of the API and reducing side
effects.>*

We have used the following purine alkaloids as APIs for
cocrystal formation. Caffeine, a popular substance with a
psychoactive effect, affects the central nervous system, reduces
fatigue, and increases concentration, **~*¢ Theophylline is used
primarily to treat acute asthma and chronic obstructive
pulmonary disease.””** Theobromine, in addition to acting
on the human nervous system, according to Lee et al. also has
anticarcinogenic activity (US Patent 2003/0099686A1).""*°
The first two substances, namely caffeine and theophylline, are
often used for cocrystallization with carboxylic acid deriva-
tives.”! They are readily soluble in water (theophylline 8.3 g
L™, caffeine 16 g L™"), but both of these alkaloids are easily
converted from an anhydrous form to a hydrate.""**"* In this
case complex formation can affect both the solubility and the
stability of these compounds in solution. Theobromine is less
soluble in water (0.33 g L™') than theophylline and caffeine,
and its cocrystallization can improve its solubility in water.*’

1,3,5-Benzenetricarboxylic acid (trimesic acid) is a very
popular coformer used for cocrystallization, inter alia with
nitrogen aromatic bases, amines, carboxylic acids, alcohols, or
neutral molecules such as alkenes and polycyclic aromatic
hydrocarbons.” The choice of 1,2,3-benzenetricarboxylic acid
(hemimellitic acid) was justified by its low popularity (five
cocrystals and two salts in the CSD base).”' The presented
study of selected purine alkaloid cocrystals with the above
carboxylic acids shows how difficult it is to predict the
formation of specific supramolecular synthons in the designed
structure. A better understanding of the self-assembly
processes in systems containing many complex functional
groups capable of forming noncovalent interactions is essential
to enable complete control of the cocrystals design. This
strategy is especially important when we think about
pharmaceutical substances, because greater knowledge of the
preferred supramolecular motifs in crystalline solids will allow
better control of the properties of newly obtained multi-
component substances.™

2. EXPERIMENTAL SECTION

2.1. Materials. Theobromine, theophylline, and caffeine were
purchased from Swiss Herbal Institute, Pol-Aura, and Coffeine Shop,
respectively. Trimesic acid and hemimellitic acid were obtained from
Sigma-Aldrich. All of the above substances were used without
purification. Solvents were obtained from ChemPur. Millipore
distilled water (18 MQ) was used in all absorption experiments
(Figure 1).

2.2. Solution-Based Cocrystallization. The selected purine
alkaloid (theobromine, theophylline, or caffeine) and a given cocrystal
former (trimesic or hemimellitic acid) were introduced to the selected
solvent system in different stoichiometric ratios (Table S1). The
mixtures were heated and stirred until the substances were completely
dissolved. The cocrystals were obtained by slow evaporation from the
filtrates under ambient conditions.

2.3. Mechanochemical Cocrystallization. The milling experi-
ments were performed on a Retsch MM300 oscillatory ball mill. The
stoichiometric ratios of the chosen purine alkaloid and coformer,
together with two 4.0 mm stainless steel balls, were transferred into
stainless steel jars. Grindings were carried out without (neat grinding)
or in the presence of solvent (liquid-assisted grinding). Details of the
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Figure 1. Structures of purine alkaloids and carboxylic acids used for
cocrystallization.

milling conditions are presented in Table S2. Each experiment lasted
30 min at a frequency of 25 Hz.

2.4. Single-Crystal X-ray Diffraction (SXRD). Intensity data for
all structures except (TPH)"-(HMLA) -2H,0O were collected using
an Oxford Diffraction SuperNova diffractometer with monochromatic
Cu Ka radiation. Low temperatures (100—130 K) were achieved
using the Cryojet cooling system. For (TPH)*-(HMLA)™-2H,0 data
collection was performed at 100 K using a Rigaku XtaLAB Synergy-R
diffractometer equipped with a rotating anode X-ray source (Cu Ka
radiation) and a Cryostream cooling system. CrysAlis PRO was used
for data collection and data reduction.’® Crystal structures were
solved using SHELXT-2015 (intrinsic phasing method) and refined
using SHELXL-2015 (least-squares method).***” The Olex2 program
was used as an interface to structure solution and refinement.*® The
WinGX program was used for reflection data conversion into the
HKLF$ format to refine two twinned structures.”” The structural
analysis was performed using Mercury.”” In the investigated
structures, except for CAF-TMSA, the difference Fourier map
indicated the location of all hydrogen atoms. Details of the final
treatment of hydrogen atoms, twin structures, disorders in crystal
structures, and other restraints are presented in Table S3.

2.5. Powder X-ray Diffraction (PXRD). The X-ray diffraction
patterns for cocrystals obtained by slow evaporation and grinding
were collected on an Oxford Diffraction SuperNova diffractometer
using Cu Ka radiation obtained at 50 kV and 0.8 mA. CrysAlis PRO
was used for intensity data collection.” Samples were scanned
between S and 40° (26) at a scanning step size of 0.01. All powder
experiments were performed at room temperature. Theoretical
diffractograms were generated usi.ng Mercury.”’ Powder patterns
were processed using Kdif software.®

2.6. Solubility Measurements. The powdered samples of the
obtained cocrystals were dissolved in Millipore distilled water (18
MQ cm) and examined by using a Cary 100 (Agilent) dual-beam
UV—vis spectrometer. UV—vis absorption spectra were recorded in
the range of 200—800 nm with 1 nm increments. Quartz cells with 2
mm optical length were used. Standard curves of theobromine (Figure
S19), theophylline (Figure $20), and caffeine (Figure $21) cocrystals
were prepared. Substance concentrations versus absorbances of the
substance at the detection wavelength (Table S4) were plotted. A
linear relationship was obtained, and the slope was calculated from the
graph. To determine the solubility of the cocrystals, saturated aqueous
solutions of each were prepared. The absorbance at the detection
wavelength (4,) was measured, and the concentration of the
substance was determined using the Beer—Lambert equation. All
experiments were repeated three times at room temperature, and the
average of the results has been presented.

2.7. Hirshfeld Surface Analysis. The CrystalExplorer program
was used to calculate molecular Hirshfeld surfaces for each
component in all described complexes, except for water mole-
cules.*”®* The CIF files were imported into a program, and all bonds
with hydrogen atom participation were modified into the values C—H
=1.083 A, N—H = 1.009 A, and O—H = 0.983 A, which are standard

neutron values. All surfaces were generated in standard (high)

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396-413
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resolution. The 2D fingerprint plots showing the interaction between
different atoms and the intermolecular contacts are included in Table
$9.1-8 and Figures S1—16 in the Supporting Information.

3. RESULTS AND DISCUSSION

Trimesic acid (TMSA) and hemimellitic acid (HMLA) were
used for purine alkaloid cocrystallization: i.e., theobromine
(TBR), theophylline (TPH), and caffeine (CAF). The
crystallographic and refinement data are shown in Tables S5
and S6. All eight solids synthesized by solution-based and
mechanochemical cocrystallizations were identified using the
PXRD method. The SXRD measurements determined the
structural characteristics and indication of individual supra-
molecular motifs. The difference Fourier map analysis, the C—
O bond lengths in the carboxyl group involved in COOH--
Nimidazole formation, and the values of selected valence angles in
the imidazole ring present in purine alkaloid molecules allowed
the determination of the nature of the obtained compounds
(cocrystal or salt) (Figure 2).

Figure 2. Selected bond angles for the analysis of the geometry of the
imidazole ring in the neutral and cationic forms of purine alkaloid
molecules.

R

Only the complex (TPH)"(HMLA)™-2H,0 was identified
as a salt. The peak on the difference Fourier map was
positioned near the imidazole nitrogen atom. Additionally, the
small difference between C=0 and C—-O bond distances
(0.0429 A) indicates a proton transfer and carboxylate anion
formation (Table 1). The structures containing purine
alkaloids in neutral and cationic form, where the proton was
transferred to the imidazole nitrogen atom, were also analyzed
for the imidazole ring geometry in the Cambridge Structural

Table 1. Geometry of the Carboxyl Group Involved in
COOH"*N,idsz0le Formation

alkaloid—acid complex de—o (A) de_o (A) Ad (A)
TBR-TMSA

A” 1.215(3) 1.319(3) 0.104

B“ 1.217(3) 1.315(3) 0.098
TPH-TMSA 1.216(2) 1.309(2) 0.093
TPH-TMSA-2H,0" 1.2163(16) 1.3166(16) 0.1003
CAF-TMSA® 1217(3) 1.319(3) 0.102
TBR-HMLA 1.202(3) 1.325(3) 0.123
TPH-HMLA 1.231(9)¢ 1.299(2) 0.068
(TPH)"-(HMLA) -2H,0 1.2357(19) 1.2786(19) 0.0429
CAF-HMLA-H,0 1.216(3) 1.303(3) 0.097

“Two theobromine molecules in the asymmetric unit of TBR-TMSA
with A and B indices. “Data for the carboxyl group interacting with
the imidazole nitrogen atom via the water molecule. “Data for the part
of the structure with greater occupancy. “dc_o for the carbonyl
oxygen atom with greater occupancy.
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Database (ConQuest ver. 2.0.4, Table 2).°"** Values of
specific valence angles in the imidazole ring of theophylline

Table 2. Ranges of Bond Angles (deg) in the Imidazole Ring
for Neutral and Protonated Forms of Alkaloid Molecules”

neutral form of putine alkaloid  cationic form of purine alkaloid
es” <

mole molecules
Angl 100.2—105.25 106.39—-108.5
Ang2 111.41-117.0 108.89—111.44
Ang3 102.18-107.26 107.02—108.63

“Analysis based on data from Cambridge Structural Database using
ConQuest®" (search conditions: 3D coordinates determined,
structure w‘lth R £0.075, only smgle crystal structures, only organic
structures). 290 hits were found. 32 hits were found.

molecule in (TPH)"(HMLA)™-2H,O are in the range of
angles corresponding to the protonated form of this purine
alkaloid (Table 3). The calculated ApK, value for this system
(0.7, Table 4) is the highest of the calculated ApK, values for
all alkaloid—acid pairs described in this paper. This value is in
the range from —1 to 4, where the probability of a obtaining
salt increases with mcreasmg ApK, value, which is consistent
with the obtained results.”> An interesting fact is that for the
same acid—base pair both the neutral complex TPH-HMLA
and the ionic complex in the dihydrate form (TPH)"
(HMLA)™-2H,O were obtained.

3.1. Synthesis Route. Theobromine cocrystals with both
trimesic acid (TBR-TMSA) and hemimellitic acid (TBR:
HMLA) were obtained by neat grinding. It was difficult to
obtain the TPH-TMSA complex by milling without the
addition of a solvent. The solution to this problem was adding
a drop of methanol to the mixture of theophylline and acid to
be ground. In turn, adding a drop of water to the same system
produces TPH-TMSA-2H,0O (Figure 3). Neat or liquid-
assisted grinding with a drop of water of theophylline and
hemimellitic acid always gives TPH-HMLA. The salt dihydrate
(TPH)*(HMLA)-2H,O could not be obtained by milling
(Figure 4). The cocrystal CAF-TMSA and the cocrystal
hydrate CAF-HMLA-H,O were both obtained by neat
grinding.

The above systems in Table 4 were obtained by slow
evaporation from the solution. Information on the solvents
used for crystallization can be found in Table S1 and in graphs
with PXRD patterns (Figures 3 and 4). The challenge was to
obtain the pure compound (TPH)*(HMLA) -2H,0. The
anhydrous form TPH-HMLA was selectively obtained from a
acetonitrile—water solution. Replacing acetonitrile with a
different solvent (methanol, ethanol, isopropyl alcohol, fert-
butyl alcohol) resulted mainly in the formation of an
anhydrous form, which was confirmed by PXRD measure-
ments; however, analysis of the crystals obtained from the
above cocrystallizations under the microscope showed the
presence of two forms. The use of a methanol—water mixture
in several cases resulted in the pure dihydrate (TPH)*-
(HMLA)™-2H,0. Two out of the nine powder patterns in
Figure 4.3 show that cocrystallization from methanol—water
can lead to both the anhydrous and hydrated forms.

3.2. Crystal Structure Analysis. 3.2.1. Theobromine
Benzene-1,3,5-tricarboxylic Acid Cocrystal (TBR-TMSA).
Theobromine and trimesic acid cocrystallize in the monoclinic
space group P2,/c with Z' = 2 (Figure Sa). The asymmetric
unit contains two TBR and two TMSA molecules.

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396-413
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Table 3. Imidazole Ring Geometry: Bond Angles (deg) for the Structures Described in This Paper

cocrystal
TBR-TMSA (A molecule)
TBRTMSA (B molecule)
TPH-TMSA
TPH-TMSA-2H,0
CAF-TMSA (89% occupancy)
CAF-TMSA (11% occupancy)
TBR-HMLA
TPH-HMLA
(TPH)*-(HMLA)~-2H,0
CAF-HMLA-H,0

Angl
104.5(2)
104.1(2)
104.6(1)
103.5(1)
104.0(2)

104(2)
103.6(2)
104.1(1)
106.26(12)
104.1(2)

Ang2 Ang3
113.1(2) 106.1(2)
113.0(2) 106.2(2)
112.3(1) 106.9(1)
113.6(1) 106.1(1)
112.9(2) 106.1(2)

114(2) 107.8(2)
113.7(2) 105.8(2)
112.6(1) 106.8(1)
111.30(13) 107.32(12)
113.0(2) 106.0(2)

Table 4. Calculated ApK, Values for All Alkaloid—Acid

Components of this cocrystal form layers parallel to the (101)

Pairs crystallographic plane (Figure Sb). Within these layers, chains
= of carboxylic acids connected by O6A—HG6A-:O3B and O6B—
Beag e Rech H6B--O3A hydrogen bonds can be observed. B h
alkaloid—acid pmtom(t{eéi7 (PKS"" pK, (protonated (b_ase) - -+O3A hydrogen bonds can be observed. Between these
pair alkaloid™*" value pK,(acid)* chains, theobromine molecules create amide—amide dimers
TBR-TMSA 0.12 312 -3.0 R3(8) via N1A—HIA--O8B and N1B—HI1B--O8A interac-
TBR—-HMLA 0.12 2.80 —2.68 tions with endo-carbonyl oxygen atom participation. Each
CAF-TMSA 06 3.12 —2.52 alkaloid molecule is connected to two trimesic acid molecules.
CAF-HMLA 06 2.80 —220 Typical COOH-Njiguoe heterosynthons were formed
TPH-TMSA 35 312 038 (O2A—H2A--N4A and O2B—H2B--N4B hydrogen bonds,
TPH-HMLA 35 280 07 Table S8). The exo-carbonyl oxygen atoms in purine alkaloid
‘ TBR-TMSA theoretical TPH-TMSA theoretical
i z
§ H
£ i
£ ;
£} TBR-TMSA from MeOH-H,0 3 TPH-TMSA from MeOH-TCM
TBR-TMSA from grinding TPH-TMSA grinding with MeOH
s 10 15 20 25 0 s s s 10 15 25 " 0 38 ©
TWhea ] 2Theta [']
1) 2)
| 1
1
| | TPH-TMSA-2H,0 theoretical : | CAF-TMSA theoretical
> 7 7 - E| ) i o
i i
t 2
i TPH-TMSA-2H,0 from MeOH-H,0 i | CAF-TMSA from EtOH-H,0
TPH-TMSA-2H,0 from grinding CAFTNISA from grinding
s 0 s L s % om R s 10 15 20 T 3 s 4w

2Theta [']

3)

2Theta ')

4

Figure 3. PXRD patterns of the cocrystals with trimesic acid as the coformer: (1) theobromine trimesic acid cocrystal; (2) theophylline trimesic
acid cocrystal; (3) theophylline trimesic acid dihydrate; (4) caffeine trimesic acid cocrystal Color code: black, theoretical pattern; red, powder
pattern for sample obtained by slow evaporation from solution; green, powder pattern for sample from grinding.
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Figure 4. PXRD patterns of the alkaloid systems with hemimellitic acid as coformer: (1) theobromine hemimellitic acid cocrystal; (2) caffeine
hemimellitic acid monohydrate; (3) theophylline with hemimellitic acid, cocrystal and salt dihydrate.
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Figure 5. (a) ORTEP representation of the TBR-TMSA asymmetric unit (thermal ellipsoids were plotted at the 50% probability level). (b) 2D
structure showing a molecular layer, with a projection on the (101) crystallographic plane. (c) 3D structure of the TBR-TMSA stabilized by -7

forces, in a view along the [101] direction.

molecules (O7A and O7B) are proton acceptors from
carboxylic groups (O4A—H4A--O7A and O4B—H4B--O7B
hydrogen bonds). These layers form a 3D network through the
#(TBR)-w(TMSA) forces (Figure Sc and Table S7).

3.2.2. Theophylline Benzene-1,3,5-tricarboxylic Acid Coc-
rystal (TPH-TMSA). Theophylline and trimesic acid form a
cocrystal in the monoclinic space group P2,/c with one
alkaloid and one acid molecule in the asymmetric unit (Figure
6a). TMSA molecules are hydrogen-bonded with two
neighboring acids via O4—H4---O1 interactions (Table S8).

400
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In this way, an infinite helical system C3(16) around the 2,
screw axis parallel to the [010] direction is formed. The pitch
of the helix is 13.4344(2) A with two acid molecules per turn
(Figure 6b). Alkaloid molecules are connected with two
benzene-1,3,5-tricarboxylic acid molecules. Theophylline with
one acid molecule forms a COOH*Njpiducle Synthon (02—
H2--N4 hydrogen bond). The heterosynthon TPH-ACID
Rj(9) is formed through O6—Hé--07 and N3—H3--O5
hydrogen bonds. Neighboring helical systems are interdigitated

hitps://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396—413
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Figure 6. (a) ORTEP view of the TPH-TMSA asymmetric unit (displacement ellipsoids plotted at the 50% probability level; disordered fragments
in TPH molecule are omitted for clarity). (b) Helix arrangement around the screw axis 2, parallel to the [010] direction, in a view along the [405]
direction. (c) 3D structure composed of interconnected helical systems via C—H:--O and 7--7 interactions, in a view along the [010] direction.

by C—H:--O forces between theophylline molecules and by
(TPH)-z(TMSA) interactions (Figure 6¢ and Table S7).

3.2.3. Theophylline Benzene-1,3,5-tricarboxylic Acid Dihy-
drate (TPH-TMSA-2H,0). Theophylline and trimesic acid can
form a cocrystal hydrate in the triclinic space group P1. The
asymmetric unit consists of one alkaloid, one acid, and two
water molecules (Figure 7a). Components of this solid are
arranged in layers parallel to the (213) crystallographic plane
(Figure 7b). In the crystal lattice, TMSA molecules form R3(8)
homosynthons through O—H--O (O3—H3A--04 and 04—
H4---03, Table S8) hydrogen bonds. The hydrogen atoms
H3A and H4 in TMSA carboxyl groups, involved in acid—acid
synthon formation, are disordered with occupancies 0.45:0.55.
The R3(9) theophylline—acid heterosynthons are sustained by
N3—H3--05 and O6—H6--O7 interactions. In both solvent
molecules, one of the hydrogen atoms is disordered over two
positions with 0.50 occupancies (H9B, HOC and H10A, H10C
atoms). The hydrogen bonds with the participation of these
hydrogen atoms (O9-H9B--09, 09-H9C--010, O10—
HI10A:09, 010—H10C--010, Table S8) are responsible for
the connection of the water molecules, resulting in an infinite
channel formation parallel to the [100] direction (Figure 7c).
The ordered hydrogen atoms are noncovalently bonded to the
carbonyl group (O10—H10B:-O1 hydrogen bond) and the
imidazole nitrogen atom of theophylline (O9—H9A--N4
hydrogen bond), respectively. The last interaction and the
02-H2:--09 hydrogen bond are an interesting case, where
one water molecule bridges the carboxylic acid and imidazole
functionalities of the expected COOH:--Njpgy0e heterosyn-
thon (a so-called “masked synthon”).” The 3D stacks are also
stabilized by 7{TPH)---z(TMSA) and C—H---O forces (Figure
7d and Table S7).

The presented complex was also obtained by Abosede et al,,
but some structural differences are observed.”” Oxygen atoms
of water molecules in the described TPH-TMSA-2H,0 crystal
structure are ordered. In both solvent molecules, one hydrogen
atom is ordered, whereas the second hydrogen atom is
disordered equally over the two sites. Channels of hydrogen-
bonded water molecules along the [100] direction are
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observed. In the deposited structure (refcode HUHQIN),
one of the hydrogen atoms in one of the water molecules is
disordered over two positions, but in the second water
molecule an oxygen atom is disordered over two positions with
occupancies 0.94:0.06, where hydrogen atoms in the solvent
molecule with smaller occupancy were not identified. More-
over, in contrast to the already published structure, in the
carboxyl groups involved in acid—acid dimer formation, a
disorder of a hydrogen atom over two sites with occupancies
0.45:0.55 can be observed. The measurement of TPH-TMSA-
2H,0 at 130 K made it possible to precisely determine the
position of all hydrogen atoms from the difference Fourier map
and to identify disordered atoms.

3.2.4. Caffeine Benzene-1,3,5-tricarboxylic Acid Cocrystal
(CAF-TMSA). The caffeine—benzene-1,3,5-tricarboxylic acid
cocrystal crystallizes in the Pbca space group with one CAF
and one TMSA molecule in the asymmetric unit (Figure 8a).
The purine alkaloid and half of the acid molecule are
disordered over two sites with occupancies 0.89:0.11 (Figure
8b). Figure 8d shows the disorder in a larger structural
fragment. The superimposition of more and less occupied
fragments indicates the structural disorder by the mirror plane
(the RMS deviation index is equal to about 0.1S). However,
the CAF-TMSA structure obtained and described by Abosede
et al. is completely ordered (refcode HUHQUZ) .79 Each CAF
molecule is hydrogen-bonded to one acid molecule via a 02—
H2--N4 interaction (or O2A—H2A:~N4A, Table S8). The
remaining two carboxyl groups form R3(8) homodimers
sustained by O4—H4---O$ and O6—Hé:--O3 hydrogen bonds
with neighboring acid molecules. In this way, zigzag-shaped
polymer chains along the 2, axis parallel to the [010] direction
are formed (Figure 8c). The C—H:-O and m--7 forces
between caffeine molecules are responsible for the 3D network
formation and stabilization (Figure 8e and Table S7).

3.2.5. Theobromine Benzene-1,2,3-tricarboxylic Acid
Cocrystal (TBR-HMLA). Theobromine and hemimellitic acid
cocrystallize in a 1:1 stoichiometric ratio in the monoclinic
space group C2/c (Figure 9a). Components of this cocrystal
form wavelike chains through O4—H4:-N4 interactions

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396-413
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Figure 7. (a) ORTEP representation showing the asymmetric unit of TPH-TMSA-2H,0 with numbering of atoms (thermal ellipsoids were drawn
at the 50% probability level, both water molecules are disordered, the hydrogen atom near the carboxyl group with the C9 atom is disordered over
two sites with occupancies 0.55:0.45, and rotational disorder of the C16 methyl group is not presented for clarity);. (b) 2D molecular layer parallel
to the (213) plane, in a projection on the (213) crystallographic plane (disorder in the C16 methyl group and in the carboxyl group is omitted for
clarity). (c) Channel of hydrogen-bonded water molecules running along the [100] direction, in a view along the [241] direction. (d) 3D layered

structure, in a view along the [120] direction.

(COOH N, i4azore synthon) and R3(8) cyclic motifs com-
posed of O2—H2--07 and NI1-HI--Ol hydrogen bonds
(Figure 9c and Table S8). Two of these zigzag ribbons are
interconnected through carboxylic acid homodimer formation
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(O6—H6--06 or O6A—H6A-+-O6A hydrogen bond) between
two HMLA molecules (Figure 9b). This dual system along the
[101] crystallographic direction (Figure 9c) is also stabilized
by C—H-O and 7(TBR)--7(TBR) interactions. Acid—acid

hitps://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396—413
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Figure 8. (a) ORTEP representation of the CAF-TMSA asymmetric unit (the highest occupancy is presented). (b) ORTEP representation of the
more (top part) and less occupied fragments (bottom part) of the CAF-TMSA asymmetric unit (thermal ellipsoids plotted at the 50% probability
level). (¢) 1D polymer zigzag chain parallel to screw axis 2, along the [010] direction consisting of CAF and TMSA molecules with the highest
occupancy, in a view along the [100] direction. (d) Zigzag polymer disorder in the CAF-TMSA crystal lattice (blue, greater occupancy 0.89; red,
smaller occupancy 0.11). (e) crystal packing of CAF-TMSA showing interdigitated zigzag polymers, in a view along the [010] direction.

homodimers are formed around the C, axis. A small difference
in C—O bond lengths (1.242(3) A for C9—05 and 1.238(4) A
for C9—06) in the carboxyl group involved in the formation of
these dimers shows that this group is affected by the disorder.
The introduction of a hydrogen atom disorder model in this
carboxyl group does not solve the C—O bond length problem.
Only the disorder of the carboxyl group by rotation around the
C3—C9 bond solved the above problem. After this procedure,
the C—O bond lengths indicated the single and double bond
sites as well as proton locations. In the final model, this group
is disordered over two positions with fixed occupancies equal
to 50%. The 3D network is sustained by #(TBR)--z(TBR)
and 7(HMLA)--7(HMLA) interactions between the neigh-
boring chains (Figure 9d and Table S8).

3.2.6. Theophylline Benzene-1,2,3-tricarboxylic Acid Coc-
rystal (TPH-HMLA). Theophylline and benzene-1,2,3-tricarbox-
ylic acid cocrystallize in the triclinic space group PlwithZ =1
(Figure 10a). Each TPH molecule is noncovalently connected
with three HMLA molecules and one HMLA molecule with
three TPH molecules (Figure 10b). In the crystal lattice,
centrosymmetric fou.r-compcnent aggregates are recognjzed,
which are sustained via 02—H2---N4 (COOH:*N;guzole) and
04-H#4---0O8 hydrogen bonds (Table S8). These systems
within the 1D molecular ribbon are held together by R3(9)
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cyclic arrays of N3—H3--OS and O6—H6--O7 interactions.
The ribbons connected through z(TPH)--7(HMLA) and C—
H:-O forces form a three-dimensional structure (Figure 10c
and Table S7).

3.2.7. Theophyllinium 2,6-Dicarboxybenzoate Dihydrate
(TPH)*-(HMLA)™-2H,0. Theophylline and benzene-1,2,3-tricar-
boxylic acid form a salt hydrate with two cocrystallized water
molecules in the monoclinic 12/a space group (Figure 1la).
The crystals of this compound exhibit nonmerohedral
twinning. The components in the crystal lattice of (TPH)"-
(HMLA)™-2H,O form a complex system of strong hydrogen
bonds. The carboxyl group in the 2,6-dicarboxybenzoate anion
near the C1 atom, theophyllinium cation, and water molecule
(with disordered O9 atom) are involved in the 10-membered
hydrogen-bonded ring formation through 02—H2:--07, N3—
H3--09 (or N3—H3--09A), and 09—H9B--O1 (or O9A—
HO9B---O1) interactions (Figure 11c and Table S8). This water
molecule donates a proton to the carbonyl oxygen atom (09—
H9A--03 or O9A—H9A--03 hydrogen bond) in the
carboxylate ion of HMLA. A proton transfer from this group
to the imidazole nitrogen atom of theophylline was observed
(N4—-H4--O4 interaction, Figure 1la). The third carboxyl
group is a proton donor to the O10 oxygen atom in an ordered
water molecule (O6—H6:-010 hydrogen bond). The

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396-413
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Figure 9. (a) ORTEP representation showing the asymmetric unit of the TBR-HMLA (the rotational disorder of the carboxyl group in HMLA near
the C9 atom is shown, and the disorder of both methyl groups in TBR are omitted for clarity; displacement ellipsoids are drawn at the 50%
probability level). (b) Representation of the acid—acid dimer formed around the C, axis with disordered carboxyl groups. (c) One-dimensional
structural motif composed of two wavelike chains through [101] direction, in a view along the [104] direction; (d) 3D crystal structure of TBR-
HMLA stabilized by 7---x interactions, in a view along the [101] direction.

molecular chains along the [100] direction are formed by
noncovalent O10—H10A--O4 and O10—H10B--O3 interac-
tions between ordered solvent molecules and the oxygen atoms
of the internal —COOQO™ groups of the acid anion (Figure 11b
and Table S8). The three-dimensional crystal structure is also
stabilized by C—H:+O and #(TPH)--z(TPH) forces (Table
S7).

3.2.8. Caffeine Benzene-1,2,3-tricarboxylic Acid Mono-
hydrate (CAF-HMLA-H,0). Caffeine hemimellitic acid mono-
hydrate crystallizes in the monoclinic P2,/c space group
(Figure 12a). The alkaloid molecules are hydrogen-bonded via
0O4—H4--N4 interactions with the internal acidic groups of
HMLA (COOH: N, g0l Synthon, Table S8). Two outer
carboxyl groups of two HMLA molecules together with a water
molecule are involved in R3(10) ring formation (Figure 12b).
The 02—H2--O5 hydrogen bond is a direct contact between
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carboxyl groups. The modification in the acid—acid dimer
formation by incorporation of water molecules is observed;
thus, “moderate synthons” are formed.”” The solvent
molecules, noncovalently bonded with three acid molecules
by O9—HO9A---O1, 09—H9B--03, and O6—H6--09 inter-
actions, are responsible for a double-molecular-ribbon
formation. These motifs run along the 2, axes at the 1/2, y,
1/4 and 1/2, y, 3/4 positions, and they are interconnected by
C—H--O and C—H--x interactions to form the 3D crystal
structure (Figure 12c).

3.3. Supramolecular Analysis of Novel Alkaloid—Acid
Compounds. Theobromine, theophylline, and caffeine were
chosen for cocrystallization with both trimesic and hemi-
mellitic acids. Purine alkaloids differ in the number and
location of methyl groups. The benzene-1,3,5-tricarboxylic acid
molecule is flat, while in the benzene-1,2,3-tricarboxylic acid

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396-413
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Figure 10. (a) ORTEP representation of the TPH-HMLA asymmetric unit with the atomic numbering scheme (the disorder of the O1 carbonyl
atom is omitted for clarity; thermal ellipsoids are plotted at the S0% probability level). (b) 1D molecular ribbon composed of four-component
aggregates along the [001] direction, in a view along the [410] direction. (c) 3D structure showing adjacent ribbons of TPH-HMLA, in a view
along the [001] direction.

Figure 11. (a) ORTEP representation of the (TPH)*(HMLA)™-2H,0 asymmetric unit (disordered fragments are not presented for clarity;
thermal ellipsoids are drawn at the 50% probability level). (b) Molecular chains along the [100] direction formed as a result of noncovalent
bonding of water molecules (the 010 atom, presented in ball and stick form) and carboxylate groups, in a view along the [230] direction. (c) 2D
structure of (TPH)*:(HMLA)™2H,0, in a view along the [100] direction.

molecule, the proximity of carboxyl groups makes the internal Therefore, the carboxyl group positions in the studied
carboxyl group twisted with respect to the aromatic ring coformer molecules certainly affect the number of possible
(Table 5). noncovalent connections between molecules. Selected co-

405 https://dx.doi.org/10.1021/acs.cgd.0c01242
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Figure 12. (a) ORTEP representation of the CAF-HMLA-H,O asymmetric unit with a disordered methyl group of caffeine (displacement
ellipsoids are drawn at the S0% probability level). (b) Double ribbon along the 2, screw axis parallel to the [010] direction, in a view along the
[100] direction. (c) 3D structure of CAF-HMLA-H,O stabilized by C—H---O and C—H--7 interactions, in a view along the [010] direction.

Table 5. Geometry of the Internal Carboxyl Group of
Hemimellitic Acid in Its Complexes, Defined as the Torsion
Angle at Which the Internal Group in This Acid Is Twisted
Relative to the Benzene Ring

alkaloid—HMLA complex internal group orientation (deg)

TBR-HMLA 97.3(3)
TPH-HMLA 99.84(16)
(TPH)"(HMLA)™-2H,0 83.14(17)
CAF-HMLA-H,0 84.1(3)

formers can form strong hydrogen bonds only with carboxyl
groups; thus, we can distinguish three types of supramolecular
synthons at the cocrystal design stage: alkaloid—alkaloid
(amide—amide, Figure 13.1), alkaloid—acid (amide—acid,
Figure 13.2), and acid—acid (Figure 13.3) synthons. The
structural studies for the described compounds confirmed the
dominant role of alkaloid—acid and acid—acid synthons in
comparison with alkaloid—alkaloid homosynthons, due to the
dominant amount of carboxyl acid groups in the coformer
molecules.

3.3.1. Theobromine Derivatives. Theobromine forms
cocrystals with both trimesic and hemimellitic acids. Among
the eight compounds described in this paper, only in TBR-
TMSA cocrystal was an alkaloid—alkaloid synthon type
observed. TBR-TBR dimers (homosynthon II) connected by
weak interactions are present in the crystal lattice of pure
theobromine (Figure 13.1b).”> This type of homosynthon is
also found in only one TBR-—acid system, where 4-
hydroxybenzoic acid was used as a coformer.”® The formation
of a TBR—TBR homosynthon I in the presence of a carboxyl
group is more favored than homosynthon IL>"7* Surprisingly,
in the presence of TMSA the TBR—TBR homosynthon II is
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still observed (Figure 13.1b). The acid molecules joined
noncovalently with alkaloid molecules through COOH:-

Ninidsole hydrogen bonds (Figure 13.2g) and with the carbonyl
oxygen atom near the pyrimidine ring, which do not participate
in the TBR—TBR homosynthon formation (Figure 14a, TBR—
acid homosynthon III). The acid molecules are interconnected
via O—H:O interactions by heterodimer formation (Figure
13.3b). Carboxylic acids can also form infinite chains, so-called
catemers, in which one carboxyl group is bonded non-
covalently to two different adjacent groups. This motif is
rarely observed: ie, in acemetacin, tetrolic acid, and 2,6-
bis(trifluoromethyl)benzoic acid. It is also not observed in our
structures.” ™’

On the other hand, the use of hemimellitic acid resulted in
breaking the N—H:--O hydrogen bonds between theobromine
molecules and forming the TBR—acid heterosynton I (external
carboxyl group of acid), and the second carbonyl oxygen atom
did not participate in strong interactions (Figure 13.2a). In the
COOH-Nipigasole hydrogen bond formation, the internal
carboxyl group is involved. It was unexpected to identify an
acid—acid dimer (hydroxyl dimer, Figure 14b), in which only
hydroxyl groups are responsible for the strong interactions
between these groups (they act as both hydrogen bond donors
and acceptors). In the 140 crystal structures found in the CSD
base, this type of dimer was identified.”' The same synthon
with carbonyl oxygen atoms on the same side is present in 56
structures. In 32 structures, this dimer was formed around the
C, axis, and 10 of them crystallize in the C2/c space group,
similarly to the theobromine hemimellitic acid cocrystal.

3.3.2. Theophylline Derivatives. Theophylline with trimesic
acid forms both a cocrystal and a cocrystal hydrate. Only three
organic acids were found in the CSD base that in combination

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396-413
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Figure 13. (1) Typical alkaloid—alkaloid synthons observed in the crystal structures of alkaloid—carboxylic acid complexes. (2) The most
frequently observed alkaloid—acid heterosynthons observed in alkaloid—acid systems. (3) The two most common types of carboxylic acid dimers in
crystal structures.”' The number of structures found in the CSD base with a given synthon is given in blue (Search conditions: 3D coordinates
determined, structure with R < 0.1, no errors, only organic structures. An additional condition for carboxylic acid synthons was “normalize terminal
H positions”).

with TPH have both forms (Table 6).°' In both structures,
TPH—-TPH homosynthons (Figure 13.1c) are not observed, as
expected, due to the presence of several carboxyl groups in the
coformer molecules. TPH—acid heterosynthon I was formed in
both anhydrous and dihydrate crystals (Figure 13.2¢). In the
TPH-TMSA cocrystal, the most expected COOH:-N| 410l
synthon is observed (Figure 13.2 g). In TPH-TMSA-2H,0, a
water molecule bridges the imidazole to carboxyl interaction
(Figure 15a). This type of synthon was found only in two

structures (REFCOD: KIGKAN, KIKHUT).”' In the anhy-
drous complex, the dimers between carboxyl groups through
O—H(carboxyl)-*O=C(carboxyl) interactions are formed
(Figure 13.3b). The inclusion of water molecules in the crystal
lattice results in the cyclic acid—acid dimer formation (Figure
13.3a).

Theophylline and hemimellitic acid formed unexpectedly
two types of complexes—the neutral TPH-HMLA and proton-
transfer complex (TPH)"(HMLA) -2H,O. Homosynthons

407 hitps://dx.doi.org/10.1021/acs.cgd.0c01242
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Figure 14. Additional synthons identified in the described
theobromine cocrystals. The dashed red bonds show the hydrogen
bonds between hydroxyl groups.

a) TBR-acid heterosynthon lll
not found in any structure

Table 6. Coformers That Form Anhydrous and Hydrate
Forms of Cocrystals with Theophylline

pK, value of anhydrous hydrate
coformer coformer form® form”
anthranilic acid 2.108 2:37% 3:2:4 and
2:1:47
2,4-dihydroxybenzoic acid 3.32 1:177 1:1:1%
citric acid 3.15 1:15 1:1:1%

“Theophylline—acid stoichiometry in anhydrous form. “Theophyl-
line—acid—water stoichiometry in hydrate form. “The theophylline—
citric acid cocrystal formation was confirmed by a PXRD experiment,
but it was not possible to grow a crystal for an SXRD measurement
and so the 1:1 stoichiometry is hypothetical.

).
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o H Q ‘r
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A | » ] JH
o7 N7 TN H o g
| “H-O-._, ~ N
H., N
o)LR A | »
o Iil N
) COOHNimidazole b) TPH-ACID

modified heterosynthon |

modified synthon not found in any structure

found in 2 structures

Figure 15. Specific alkaloid—acid synthons identified in TPH systems,

in which the water molecule is involved.

are not present in the crystal lattice of the above substances
(Figures 13.1c and 13.3a). In the TPH-HMLA cocrystal, by a
COOH: N 4urole interaction with the external carboxylic
group from acid molecule participation, TPH—acid hetero-
synthons I and II are formed (Figure 13.2.g, 13.2.¢, and 13.2.d,
respectively). In turn, the hydrogen bond network in (TPH)"-
(HMLA)™2H,0 is quite complex and it would be very
difficult to predict the supramolecular synthons present in this
structure, unlike the case for the anhydrous equivalent. In the
dihydrate phase the COO™H—Nj is,0l hydrogen bond is
formed (COOH--Nigu0l Synthon with proton transfer), this
time with the internal carboxyl group of HMLA participation.
The TPH—acid heterosynthon I (Figure 13.2c), observed in
three structures containing theophylline, in (TPH)"
(HMLA)~2H,0 is slightly modified by interjecting one
solvent molecule (Figure 15b, the R}(11) motif). Additionally,
the carboxyl—carboxylate dimer with the water molecule as a
bridge between both groups was identified (Figure 16b).
Theophylline and hemimellitic acid can form both neutral
(cocrystal 1:1) and ionized complexes (salt dihydrate 1:1:2);
thus, we observe two different ionization states for the same
acid—base pair. This situation is possible when the ApK, value
for two substances (in this case ApK, = 0.7, Table 4) is in the
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Figure 16. Carboxyl—carboxylate dimer (a) and its equivalent with a
built-in water molecule (b).

range —1 to 4, where it is often difficult to predict whether a
cocrystal or salt will be formed.** Several examples of acid—
base that can form both neutral and ionized complexes were
found and are shown in Table 7. Interestingly, no coformer
was found in the literature or in the CSD database that in
combination with a purine derivative would create both forms.

Table 7. Examples of Acid—Base Pairs That under Various
Conditions Can Form a Neutral or Ionized Complex

stoichiometry of

neutral base—acid stoichiometry of ionic

base—acid pair complex base—acid complex
pyridine—formic acid** 1:1 1:4
pyridine— . 1:2 1:1:1 with water
3,5-dinitrobenzoic acid®*
2,3-lutidine—fumaric 2:1 1:2
acid™
sulfamethazine— 1:1Y 1:1%7%
saccharin®®

3.3.3. Caffeine Derivatives. Caffeine forms a cocrystal with
trimesic acid and a cocrystal hydrate with hemimellitic acid. In
both complexes, as expected, one of the carboxyl groups is
hydrogen-bonded via an COOH:*"Njp;ds interaction with the
imidazole nitrogen atom of the alkaloid molecule (Figure
13.2g), while in the caffeine complex with hemimellitic acid the
internal carboxyl group of the acid takes part in this hydrogen
bond formation. The carbonyl oxygen atoms near the
pyrimidine ring in the caffeine molecule do not take part in
the alkaloid—acid synthon formation by strong hydrogen
bonds (Figure 13.2e and 13.2f), because two remaining
carboxyl groups that could be hydrogen-bond donors to these
atoms are engaged in acid—acid synthon formation. In the
caffeine trimesic acid cocrystal, classical cyclic carboxylic acid
dimers R3(8) are formed (Figure 13.3a). In caffeine hemi-
mellitic acid monohydrate, one of the O—H(carboxyl)--O=
C(carboxyl) interactions incorporates up to one water
molecule and an R3(10) motif was observed (Figure 17).

N
4</O---H—O——-H~
R o
0-H----0=(

R

Figure 17. Cyclic dimer composed of two carboxylic acid groups and
a water molecule, a so-called moderately successful syntlmnsg This
motif was found in 38 structures in the CSD database.

These synthons are not the same, but equivalent and R(8) and
R3(10) ring formation can be regarded as synthon success in
CAF-TMSA and moderate synthon success in CAF-HMLA-
H,0, respectively.””

3.4. Relationship between Donor—Acceptor Ratio
and Hydrate Formation. At the cocrystal design stage, on
the basis of the structure of the substrates used, the ratio of
available donors to hydrogen bond acceptors can be

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396-413
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determined (d/a ratio). One of the Etter rules says that all
good donors and all good hydr0§en bond acceptors should
participate in hydrogen bonding.”’ For TBR or TPH systems
with a selected tricarboxylic acid, the d/a ratio is 4:9, while that
for CAF is 3:9.

One of the first studies on the dependence of hydrate
formation on the number of groups capable of forming
hydrogen bonds was undertaken by Desiraju, who showed that
more than half of the hydrated substances have a d/a ratio of
less than 0.5.”" However, van de Streek and Motherwell later
showed that the average d/a ratios in hydrated and anhydrous
structures (so far deposited in the CSD database) were 0.63
and 0.28, respectively, which would contradict Desiraju’s
hypothesis that low d/a ratio is the cause of water
incorporation into the crystal lattice.”> On the other hand,
they showed that in hydrated structures the average number of
unsatisfied acceptors is significantly reduced in comparison to
the anhydrous systems, suggesting that water compensates for
the lack or small amount of hydrogen bond donors by reducing
the number of unsatisfied acceptors. Bi- or trifurcated and/or
weak C—H--A hydrogen bonds (A = O, N) should form when
the number of acceptors significantly exceeds the number of
donors, and no solvent molecules are present in the crystal
lattice.”

3.4.1. Theobromine Systems. In the case of TBR, both
anhydrous systems were obtained. This was surprising for the
TBR-HMLA cocrystal, because the donor groups in hemi-
mellitic acid are closely located and the solvent could prevent
steric hindrance. However, the formation of 1D ribbons by
these molecules in TBR-HMLA, connected to the neighboring
by many weak interactions (Table S7), prevented the
incorporation of water molecules into the crystal network.
Despite the fact that in both complexes the two carbonyl
oxygen atoms in the acid molecule and, additionally, the endo-
oxygen atoms of the alkaloid in TBR-HMLA are good
acceptors and do not participate in the strong contact
formation, they form weak C—H:O interactions, and it was
not necessary to incorporate water molecules into the crystal
lattice of both complexes (Figures Sb and 9c).

3.4.2. Theophylline Systems. Theophylline has both
cocrystal and dihydrate forms with both acids, where the d/a
ratios are 4:9 and 8:11, respectively. It can be concluded that
the formation of hydrated forms of TPH with the above acids
will result in better use of all acceptors for the formation of
strong hydrogen bonds than in the anhydrous forms. This
statement is true when TMSA was used. Two acceptors remain
unsatisfied in TPH-TMSA, i.e., the endo-oxygen atom in TPH
and one carbonyl atom in the TMSA molecule (Figure 6b),
while in the dihydrate only one carbonyl oxygen atom in TPH
does not form a strong contact (Figure 7b). It should also be
noted that the embedded water molecules create channels,
which definitely increased the role of strong interactions in
stabilizing the three-dimensional structure of TPH-TMSA-
2H,0 (Figure 7¢,d).

In the TPH-HMLA cocrystal, two carbonyl oxygen atoms in
HMLA molecules do not form strong hydrogen bonds (Figure
10b). The formation of an ionic form with embedded water
molecules, (TPH)*(HMLA)™-2H,0, leads to a complex
network of hydrogen bond formation, where also two oxygen
atoms are unsatisfied acceptors, but this time the endo-oxygen
atom in the TPH molecule and one carbonyl oxygen atom in
the HMLA molecule do not form strong contacts (Figure
11b,c). Thus, after the hydrate formation, the same number of
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unsatisfied acceptors remained as in the anhydrous form,
despite the number of donors being balanced against the
number of acceptors. Additionally, the cocrystallizations
carried out from the solution show that it is easier to obtain
an anhydrous form than a hydrated form, while TPH-HMLA
could only be obtained by grinding (Figure 4.3). (TPH)*™
(HMLA)™-2H,0 was formed in several cocrystallizations from
methanol—water solution, but the strict conditions for its
preparation could not be determined. In addition, after some
time, the crystals of this compound became pulverized. In this
case, the incorporation of water molecules improved the
donor—acceptor balance and caused strong hydrogen bonds to
form a two-dimensional network in the dihydrate form (as
opposed to that in TPH-HMLA—in one direction) but also
worsened the stability of the hydrated form in comparison to
the anhydrous form.

3.4.3. Caffeine Systems. Caffeine forms a cocrystal with
TMSA and a monohydrate with HMLA, which was not
surprising. Here, the isomerism of acids plays an important
role. In both examples, the COOH:*Nj g0 heterosynthon
was formed. An infinite one-dimensional structural motif of
hydrogen bonds between carboxyl groups is also observed in
both systems (Figures 8c and 12b). The difference is that in
the CAF-TMSA cocrystal typical homosynthons were formed
(Figure 13.3a) and, apart from the COOH: N4zl hydrogen
bond, the remaining synthons are weak interactions. The
incorporation of solvent molecules into the carboxylic synthon
of CAFHMLA-H,0 (Figure 17) not only balances the
donor—acceptor ratio to 0.5 but also prevents the formation
of unfavorable interactions between adjacent CAF molecules
noncovalently connected to subsequent HMLA molecules and
is a link between three acid molecules, where one acid
molecule is located in the neighboring ribbon (Figure 12b). In
both cases, the carbonyl oxygen atoms near the pyrimidine ring
of CAF, being good acceptors, form weak interactions. It
should be mentioned that even neat grinding of CAF with
HMLA leads to cocrystal hydrate formation (Figure 4.2).

3.5. Solubility Studies. The solubilities of all materials has
been evaluated by using UV—vis spectroscopy. The results
summarized in Table 8 clearly show that the obtained
complexes with hemimellitic acid as a coformer (30.6 g L)
have higher solubility in comparison to those with trimesic acid
(26.3 gL™"). Both of the theobromine cocrystals, TBR-HMLA
and TBR'TMSA, show an improved solubility in comparison

Table 8. Solubility of Theobromine, Theophylline, and

Caffeine Cocrystals in Water”
alkaloid—acid system absorption solubility (g L™")

Theobromine Cocrystals

TBR-TMSA 0.35 (x1.06)

TBR-HMLA 2.36 (x7.15)
Theophylline Cocrystals

TPH-TMSA 2.07 (x025)

TPH-TMSA-2H,0 201 (x0.24)

TPH-HMLA 9.6 (x1.16)

(TPH)*(HMLA)~2H,0
Caffeine Cocrystals

147.9 (x17.82)

CAF-TMSA
CAF-HMLA-H,0

1.37 (%0.09)
4.86 (x0.30)

“The increase relative to TBR, TPH, and CAF is shown in
parentheses, respectively.

https://dx.doi.org/10.1021/acs.cgd.0c01242
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to the pure TBR. TBR-HMLA shows about a 7-fold increase in
the solubility of TBR, whereas for TBR-TMSA this improve-
ment is very slight and similar to the solubility of TBR.
Solubilities of TPH cocrystals with trimesic acid as a coformer,
TPH-TMSA and TPH-TMSA-2H,O, are comparable and
show about a 4-fold decrease in comparison to the pure
TPH. Unlike TPH cocrystals with TMSA, samples with
HMLA as a coformer show an increase in solubility. The
solubility of TPH-HMLA is slightly higher, 1.16 times. As
expected, (TPH)*(HMLA)™-2H,0 is the most highly soluble
compound among theophylline systems and shows 17.8 times
the solubility of TPH. The results obtained for CAF cocrystals
show a decreased solubility in both samples in comparison to
pure CAF. CAF-TMSA and CAF-HMLA-H,0 show about 12-
and 3.3-fold decreases in the solubility of CAF, respectively.

4, CONCLUSIONS

Trimesic acid (TMSA) and hemimellitic acid (HMLA), which
are structural isomers, were used as coformers in purine
alkaloid cocrystallization. Eight solids were obtained and
structurally characterized. Theobromine forms cocrystals in a
1:1 stoichiometric ratio with both acids (TBR'TMSA and
TBR-HMLA). Caffeine forms the cocrystal CAF-TMSA and
cocrystal hydrate CAF-HMLA-H,O with trimesic and hemi-
mellitic acid, respectively. Theophylline with each acid forms
both anhydrous (TPH-TMSA and TPH-HMLA) and dihy-
drate forms (TPH-TMSA-2H,0 and (TPH)*(HMLA)™
2H,0), in which we do not observe proton transfer, except
for (TPH)"-(HMLA)™-2H, 0. Theophylline with hemimellitic
acid is an interesting acid—base pair that forms a molecular or
proton transfer complex depending on the crystallization
conditions. No similar case was found in the literature or in the
CSD database with a purine alkaloid as base. All of the above
substances were synthesized by cocrystallization from solution.
Mechanochemical methods were also applied to prepare the
described complexes and seven of the eight substances, except
for (TPH)*-(HMLA)™-2H,0, were successfully obtained by
grinding. Solubility studies were performed using UV—vis
spectroscopy. The complex formation with hemimellitic acid
improves the purine alkaloid solubility in water in comparison
to trimesic acid. Both cocrystals with theobromine are more
soluble in water than the pure alkaloid. Theophylline
complexes with trimesic acid are less soluble in water, but
complexes with hemimellitic acid are more soluble in water
than pure alkaloid. The most water soluble compound of all
presented in this work is the salt dihydrate (TPH)*-(HMLA)™
2H,0. Both caffeine complexes are characterized by less
solubility in water than pure xanthine. The incorporation of
water molecules into the crystal lattice is not only to balance
the donor—acceptor ratio in the obtained complexes but also
to better use good acceptors for the formation of strong
hydrogen bonds (TPH-TMSA-2H,0) or to prevent the
formation of steric hindrance (CAF-HMLA-H,0). In the
case of the the complex (TPH)*-(HMLA)™-2H,0, despite the
improvement in the donor—acceptor balance after hydrate
formation, first, this complex was very difficult to obtain, and
second, it was less stable in comparison to the nonhydrated
form TPH-HMLA.

The crystal structures of the eight substances with purine
alkaloids were determined using single-crystal X-ray diffraction
methods, and all the supramolecular motifs with alkaloid and
acid molecule participation were identified and analyzed. The
alkaloid—acid and acid—acid synthons were the most expected
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synthons to be found in the described structures. The
alkaloid—alkaloid homosynthons are present only in the
TBR-TMSA cocrystal, which is consistent with the above
assumption. Hydrogen bonds of COOH: N0l type were
found in each complex, which was obvious, but in TPH:
TMSA-2H,0, the water molecule links between the carboxyl
group and imidazole moiety in this interaction. It should be
noted that, rather, this intermolecular contact is formed by the
internal carboxyl group of hemimellitic acid, which can be
observed in three out of the four systems with this acid
described in this work. The remaining synthons have been
characterized and analyzed in terms of their frequency in the
structures of purine alkaloids deposited in the CSD base so far.
The structural analysis shows that in some cases noncovalent
interactions and the arrangement of the molecules in the
crystal lattice can be easily predicted, while the diversity of
supramolecular synthons indicates that structure design is
often difficult. This shows how important it is to study self-
organization processes in systems with many functional groups.
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S1. Solution-based cocrystallization conditions.

Tab. S1. Solution-based cocrystallization conditions.

Alkaloid-acid Solution-based cocrystallization conditions

TBR-TMSA TBR (16.7 mg, 0.093 mmol), TMSA (19.4 mg, 0.092 mmol), MeOH-H.0 solution (10 ml, v/v 1:1)
TPH-TMSA TPH (19.9 mg, 0.110 mmol), TMSA (23.2 mg, 0.111 mmol), MeOH-CHCl; solution (6 ml, v/v 1:1)
TPH-TMSA-2H,0 TPH (21.8 mg, 0.121 mmol), TMSA (25.4 mg, 0.121 mmol), MeOH-H,0 solution (6 ml, v/v 1:1)
CAF-TMSA CAF (24.4 mg, 0.126 mmol), TMSA (26.2 mg, 0.125 mmol), EtOH-H.0 solution (8 ml, v/v 1:1)

Good quality single crystals: CAF (21.0 mg, 0.108 mmol), TMSA (43 mg, 0.205 mmol), 1:2 stoichiometric ratio, EtOH-
H.0 solution (10 ml, v/v 1:1)

TBR-HMLA TBR (11.9 mg, 0.066 mmol), HMLA (13.6 mg, 0.065 mmol), tBuOH-H:0 solution (8 ml, v/v 1:1)

TPH-HMLA TPH (15.6 mg, 0.087 mmaol), HMLA (18.1 mg, 0.086 mmol), MeCN-H-0 solution (8 ml, v/v 1:1)

(TPH)*(HMLA)-2H,0% TPH (24.0 mg, 0.133 mmol), HMLA (28.1 mg, 0.134 mmol), MeOH-H:0 solution (6 ml, v/v 1:1) - the clear solution was
transferred to four separate vials for slow evaporation. In one of them, crystals of (TPH)*-(HMLA) -2H:0 were formed.
These crystals were used for crystallization by nucleation.

TPH (36.6 mg, 0.203 mmol), HMLA (42.5 mg, 0.202 mmol), MeOH-Hz0 solution (6 ml, v/v 1:1) — the clear solution was
transferred to two separate vials for slow evaporation and a few crystals, obtained as above, were added as seeds.
CAF-HMLA-H:0 CAF (10.9 mg, 0.056 mmol), HMLA (12.7 mg, 0.060 mmol), MeOH-H0 solution (6 ml, v/v 1:1)

Good quality single crystals: CAF (95.2 mg, 0.490 mmol), HMLA (10.3 mg, 0.049 mmol), 10:1 stoichiometric ratio,
MeOH-H:0 solution (6 ml, v/v 1:1)

a) It was complicated to selectively obtain this compound. The use of the different solvent systems, i.e. tBuOH-H:0, iPrOH-H,0, MeOH-H,0 most often
resulted in obtaining the mixture of anhydrous TPH-HMLA and (TPH)*(HMLA)-2H.0 with a predominance of the anhydrous form, which was confirmed
by PXRD and a few single crystals of dihydrate were visible under the microscope. Several times, it was possible to obtain selectively a dihydrate from
the MeOH-H:0 mixture, but it was not possible to determine the exact conditions favouring the formation of this compound.

S2. Grinding cocrystallization conditions.

Tab. S2. Grinding cocrystallization conditions.

Alkaloid-acid Grinding cocrystallization conditions

TBR-TMSA TBR (21.1 mg, 0.117 mmol), TMSA (24.6 mg, 0.117 mmol), neat grinding

TPH-TMSA TPH (15.4 mg, 0.085 mmol), TMSA (18.0 mg, 0.086 mmol), liquid-assisted grinding (20 pl MeOH)
TPH-TMSA-2H,0 TPH (14.7 mg, 0.082 mmol), TMSA (17.2 mg, 0.082 mmol), liquid-assisted grinding (20 pl H20)
CAF-TMSA CAF (16.1 mg, 0.083 mmol), TMSA (17.4 mg, 0.083 mmol), neat grinding

TBR-HMLA TBR (8.7 mg, 0.048 mmol), HMLA (10.0 mg, 0.048 mmol), neat grinding

TPH-HMLA TPH (10.9 mg, 0.061 mmol), HMLA (12.8 mg, 0.061 mmol), neat grinding

(TPH)*-(HMLA)-2H.0 no obtained by grinding

CAF-HMLA-H.0 CAF (10.7 mg, 0.055 mmol), HMLA (11.5 mg, 0.055 mmol), neat grinding
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S3. Additional details of crystal structure solution and refinement.

Tab. S3. Details of crystal structures solution and refinement.

TBR-TMSA

All of the H atoms were refined isotropically.

TPH-TMSA

The disordered H atoms in two methyl groups of TPH were positioned geometrically using HFIX 127 command and
refined using the riding-model with Uiso(H) = 1.2Ucq(C). The remaining H atoms were freely refined.

TPH-TMSA-2H:0

All of the H atoms were derived from a difference Fourier map, but the disordered methyl group (C16) in TPH was refined
as a rotating group using a riding-model with Uiso(H) = 1.2Ueq(C), in which H atoms were positioned geometrically using
HFIX 127 command. One of two hydrogen atoms in both water molecules is disordered over two positions with
occupancies fixed at 0.5 and Uiso parameters fixed at 0.5. The geometry of these molecules was modelled used DFIX
restraints. The hydrogen atom in one of the carboxyl groups in the TMSA molecule is disordered over two sites with
occupancies 0.55:0.45 and with Ui parameters fixed at 0.5. The O-H bond lengths in the above carboxyl group were
restrained using the DFIX command. The rest of the H atoms were freely refined.

CAF-TMSA

The CAF and a half of the TMSA molecule are disordered over two positions with occupancies 0.89 and 0.11. Hydrogen
atom in the carboxyl group of TMSA with greater occupancy involved in COOH---Nimidazole hydrogen bond formation was
visible on the difference Fourier map, but in the final refinement, all of the hydrogen atoms were placed in geometrically
idealized positions and refined using the riding-model.

TBR-HMLA

The hydrogen atoms in both methyl groups of TBR were positioned geometrically using the AFIX 127 command. They
were refined as rotating groups using the riding model with Uiso(H) = 1.2Ucq(C). H atom near carbon atom in imidazole
ring and H atom near nitrogen atom in pyrimidine ring were freely refined. Hydrogen atoms belonging to the aromatic
ring of HMLA (C-H bonds) and hydrogen atoms in carboxylic groups within C7 and C8 atoms were derived from the
difference Fourier map and they were freely refined. The carboxyl group within C9 atom is disordered over two positions
with anisotropic thermal parameters for oxygen atoms (05 and O5A, 06 and O6A) with occupancies fixed at 0.5 and
disordered hydrogen atom over two positions with fixed occupancies 0.5 positioned in their calculated positions.
Additionally, some geometrically restrains (DFIX and FLAT instructions) in the HMLA molecule were used in the
refinement.

TPH-HMLA

One of the carbonyl oxygen atom in HMLA is disordered over two positions with occupancies 0.58(6) (O1) and 0.42(6)
(01A). All hydrogen atoms were freely refined.

The final electron density difference map contains a relatively large residual peak (0.47 eA-?), When this peak was treated
as a water molecule, it would create several short contacts. Ultimately, the water molecule was not considered in the
final model due to the very low occupancy, which would be refined to less than 0.05.

(TPH)*(HMLA)~2H;0

The crystal used for the measurement was identified as a non-merohedral twin. The twin law 1000-10-0.816 0 -1,
corresponding to 180° rotation about [100] direct lattice direction, was determined with the program ROTAX. The
reflection data were prepared in HKLF 5 format using the “Make HKLF5” function in the WinGX program and they were
used in structure refinement. The reflections belonging to the larger domain that were not overlapping with the
reflections originating from the smaller component were included in the refinement process. The BASF parameter was
refined at 0.251(3).

The oxygen atom in one water molecule is disordered on two positions with occupancies constrained at 0.8 and 0.2 for
09 and O9A atoms, respectively. The disordered hydrogen atoms near methyl groups in TPH were placed at a calculated
positions using HFIX 127 and refined as riding on their parent atoms. The remaining H atoms were found on the electron
density Fourier map and freely refined.

CAF-HMLA-H,0

ROTAX was used to the twin matrix -1000-100.113 0 1 identification. It corresponds to a 2-fold rotation axis around
[001] reciprocal lattice direction. Therefore, the crystal was recognized as a non-merohedral twin. The diffraction
intensity data used to the structure refinement were converted into HKLF 5 format with “Make HKLF 5" function in
WinGX. The reflections originating from the smaller domain that are not overlapping with the reflections from the larger
component were excluded in the refinement process. The BASF parameter (smaller domain participation) was refined
at 0.126(2). The difference Fourier map indicated the location of all hydrogen atoms, but in the final refinement the
C16-methyl group in CAF was treated as a rotating group and these atoms were placed at calculated positions (C-H =
0.96 A) using HFIX 127 command.

S4. UV-vis measur

d ion hs (Ader)

Tab. S4. Detection wavelengths (Ader) of theobromine, theophylline, and caffeine cocrystals.

Detection gth - Ader, nm
Theobromine cocrystals TBR-HMLA 290
TBR-TMSA 273
Theophylline cocrystals TPH-TMSA 295
TPH-TMSA-2H:0 290
TPH-HMLA 295
(TPH)*(HMLA)-2H,0 290
Caffeine cocrystals CAF-TMSA 273
CAF-HMLA-H-0 290
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S5. Crystallographic data for alkaloid cocrystals with trimesic acid (TMSA) as coformer.

Tab. S5 Crystallographic data and refinement details for compounds with trimesic acid.

TBR-TMSA TPH-TMSA TPH-TMSA-2H;0 CAF-TMSA
molecular formula C7HsN402-CsHs06 C7HaN402:CoHs0s C7HsN402:CoHeOs:2H20 CeH10N402-CsHs06
M, 390.31 390.31 426.34 404.34
crystal system monoclinic monoclinic triclinic orthorhombic
space group P2i/c P2:/c P Pbca
a A 7.0932(1) 8.6220(2) 7.8522(2) 6.6261(2)

b, A 28.5018(5) 13.4344(2) 8.9113(2) 16.9741(3)
¢, A 16.0248(3) 14.4816(3) 14.3420(3) 30.5619(7)
a,? 20 90 78.340(2) 90

8,° 93.447(2) 101.052(2) 82.760(2) 90

we 90 90 66.474(2) 90

v, A3 3233.86(9) 1646.31(6) 900.00(4) 3437.36(14)
z 8 4 2 8

De, gcm? 1.603 1.575 1.573 1.563
F(000) 1616 808 444 1680

u(Cu Ka), cm? 1.13 1.11 1.15 1.09

T,K 132(2) 129.9(2) 130.1(2) 130.0(1)
crystal size, mm 0.19x0.13 x0.09 0.07 x 0.20 x 0.57 0.06 x 0.10 % 0.25 0.02 x0.05x0.28
20range, * 3.1-76.2 4.5-76.2 3.2-76.5 2.9-70.2

range of indices (h, k, /)
collected reflections
unique reflections
reflections with I > 2a(1)
Rint

no. of parameters

R(F), wR(F?), F? > 2a(F?)
R(F), wR(F?), all data
GOF

Extinction coefficient
Amin, Bmox, eA3

CCDC deposit no.

-8-7,-3335,-18-20
14433

6573

5641

0.026

617

0.0570, 0.1573
0.0645, 0.1627
1.128

none
-0.25,0.41
2019779

-10-10, -11->16, -16->18
8349

3407

2964

0.028

290
0.0417,0.1117
0.0477,0.1185
1.016
0.0019(3)
-0.29,0.35
2019776

99,1111, -18-517
28755

3748

3566

0.030

341
0.0375,0.1073
0.0391, 0.1091
1.076
0.0043(10)
-0.35,0.47
2019782

-8-8,-20-11, -37>36
8669

3253

3046

0.017

448

0.0523, 0.1412
0.0548, 0.1427
1.220

none
-0.26,0.24
2019780

S$6. Crystallographic data for alkaloid cocrystals with hemimellitic acid (HMLA) as coformer.

Tab. S6 Crystallographic data and refinement details for compounds with hemimellitic acid.

TBR-HMLA TPH-HMLA (TPH)*(HMLA)-2H,0 CAF-HMLA-H,0
molecular formula C7HsN40>-CaHs06 C7HeN202-CsHe0s C7HsN4O,-CsHsOs'2H20 CsH10N202CsHsOg'H20
M, 390.31 390.31 426.34 422.35
crystal system monoclinic triclinic monoclinic monoclinic
space group Q2/c P1 2/a P2i/c
a, 15.4925(10) 7.5176(5) 6.5563(1) 6.7565(2)

b, A 28.544(2) 7.9224(5) 20.3491(4) 9.5374(3)
¢ A 7.5608(8) 13.7593(6) 26.8545(5) 28.0941(7)
a,? 90 85.132(4) 90 90

8,° 95.999(8) 85.720(4) 95.728(2) 90.787(3)
Ve 90 88.029(5) 90 90

v, A 3325.2(5) 813.91(8) 3564.90(11) 1810.20(9)
4 8 2 8 4

De, gem™? 1.559 1.593 1.589 1.550
F(000) 1616 404 1776 880

U(Cu Kq), cm? 1.10 112 116 1.10

T,K 294(7) 130.1(1) 100.0(1) 133(1)
crystal size, mm 0.03 x0.03 x0.12 0.10x0.16 x0.23 0.03 x0.05 x 0.28 0.11x0.12 x0.19
20 range, ° 3.1-733 32-76.1 27-754 32-765

range of indices (h, k, /)
collected reflections
unique reflections
reflections with | > 2a(1)
Rint

no. of parameters
R(F), wR(F?), F? > 2a(F?)
R(F), wR(F?), all data
GOF

Brin, Ao, €A3

CCDC deposit no.

-18->12,-34->29,-9>9
6478

3220

2255

0.028

305

0.0495, 0.1197
0.0765, 0.1354
1.070
-0.22,0.16
2019778

-9-39,-939, -13>17

319
0.0413,0.1130
0.0474,0.1196
1.058
020,047
2019777

-8->8,-25->24,-33-33
11503

11503

10411

0.021

333

0.0343, 0.0915
0.0384, 0.0937
1.047
-0.24,0.24
2019781

-8-38,-11->11,0-535

3619

merged

334

0.0586, 0.1620
0.0600, 0.1631
1.137
-0.24,0.36
2019783
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S7. Stacking interactions geometry in the described cocrystals with trimesic (TMSA) and hemimellitic acid (HMLA).

Tab. S7 Geometrical parameters for m---1t interactions.

Cocrystal ArM ArN ArM---ArN A} Dihedral angle [°]) | Interplanar distance [A]? Offset [A]7)
TBR-TMSA Ar1B Ar3B¥ | 3.579(1) 5.539(1) 3.233(1) 1.535(1)
Ar3B Ar1A* 3.679(1) 0.180(1) 3.265(1) 1.695(1)
Symmetry codes: (iv) x, %a-y, -¥s+2; (v) -14x, -y, Yotz
TPH-TMSA Arl Ar3™ 3.554(1) 6.872(1) 3.312(1) 1.290(1)
Arl Ar3¥ 3.791(1) 5.662(1) 3.281(1) 1.899(1)
Ar2 Ar3¥ 3.475(1) 4.535(1) 3.470(1) 0.197(1)
Symmetry codes: (iv) 1-x, 1-y, 1-z; (v) 1-x, - +y, Y-z
TPH-TMSA-2H,0 [Aart T A3v  [3543(1 [ 3.078(1) [ 3.258(1) [ 1.394(1)
[ a2 | Aar3* | 3516(1) | 2.228(1) [ 3.235(1) | 1377(1)
Symmetry codes: (iv) 2-x, 1-y, 1-z; (v) 1-x, 1-y, 1-z
CAF-TMSA [a2 T a2ve [ 3.824(1) [ o [ 3.156(1) [ 2.160(1)
[arz T A0 ] 33802(1) [o [ 3.200(2) [ 2.053(1)
Symmetry code: (iv) 1-x, 1-y, 1-z
TBR-HMLA Arl Arll 3.383(1) 0.058(1) 3.346(1) 0.497(1)
Arl Ar2i 3.718(1) 0.533(1) 3.346(1) 1.621(1)
Ar2 Ar2" 3.574(1) 0 3.343(1) 1.263(1)
Ar3 Ar3¥ 3.795(1) 4.128(1) 3.631(1) 1.104(1)
A3 Ar3¥ 3.795(1) 4.128(1) 3.607(1) 1.180(1)
Symmetry codes: (i) -x, y, -z+%; (iv) ¥%-x, Y-y, Y-z, (v) x, 1-y, Yatz; (vi) x, 1-y, -V
TPH-HMLA Arl Ar3" 3.862(1) 6.103(1) 3.652(1) 1.254(1)
Arl Ar3¥ 4.016(1) 6.103(1) 3.555(1) 1.869(1)
Ar2 Ar3" 3.763(1) 6.793(1) 3.339(1) 1.737(1)
Symmetry codes: (iv) 1-x, 1-y, 1-z; (v) -x, 1-y, 1-z.
(TPH)(HMLA)-2H.0 | Ar2 Ar2v ] 3.692(1) [ 3.795(1) [ 3.220(2) [ 1.807(1)
[ A2 [ Ar2i ] 3.692(1) | 3.795(1) [ 3.332(2) | 1.590(1)
Symmetry codes: (i) x+%, -y+1, z; (iv) x-%, -y+1, z.
CAF:HMLA-H:0 | No aromatic interactions

Arl — pyrimidine ring in purine alkaloid molecule; Ar2 — imidazole ring in purine alkaloid molecule; Ar3 — benzene ring in particular acid molecule; a)
The distance between the ring centroids; b) The angle between aromatic ring planes; c) The distance between ArN plane to ArM centroid; d) The
distance between ArM and ArN projected onto the ring plane M; (e) and (f) — Ar2 imidazole rings in caffeine molecules with greater (0.89) and smaller
occupancy (0.11), respectively.

135



S8. Hydrogen bond parameters in the described cocrystals.

Tab. S8 Geometrical parameters for hydrogen bonds.

Cocrystal D—H--A D—H [A] H-A[A] D--A [A] D—H-A [°]

TBR-TMSA 02A—H2A--N4A 1.03(3) 1.64(3) 2.655(2) 171(3)
04A—H4A--07A 0.92(4) 1.74(4) 2.649(2) 170(4)
06A—H6A--03B 0.89(4) 1.79(4) 2.639(2) 160(3)
02B—H2B--"N48 0.91(3) 1.73(3) 2.641(2) 173(3)
04B—H4B--078' 0.92(4) 1.78(4) 2.689(2) 172(3)
068—H6B--03A" 0.90(4) 1.76(4) 2.641(2) 167(3)
N1A—H1A--08B 0.97(3) 1.83(3) 2.792(2) 171(3)
N1B—H1B--08A 0.95(3) 1.82(3) 2.774(2) 175(3)

Symmetry codes: (i) -x+2, y+¥, -z+; (i) -x+1, y+%, —z+3/2; (iii) x-1, y, z+1.

TPH-TMSA 02—H2--N4 0.90(3) 1.72(3) 2.6164(16) 176(2)
04—H4--01' 0.90(3) 1.83(3) 2.6777(16) 156(2)
06—H6:-07" 0.88(3) 1.75(3) 2.6249(15) 172(2)
N3—H3---05 0.89(2) 1.85(2) 2.7415(17) 175(2)

Symmetry codes: (i) -x+2, y+%, -z+%; (i) X, y+1, z; (iii) x, y-1, z.

TPH-TMSA-2H,0 02—H2--09 0.85(2) 1.78(2) 2.6203(14) 170(2)
04—H4---03' 0.82(2) 1.81(2) 2.6291(13) 176(3)
06—H6--07" 0.96(3) 1.64(3) 2.5733(13) 164(2)
N3—H3---05" 0.90(2) 1.90(2) 2.7901(15) 171.4(19)
09—H9A-N4 0.88(1) 1.94(1) 2.7930(15) 162(2)
09—H9B--09" 0.87(1) 1.96(1) 2.830(2) 176(5)
09—H9C--010" 0.87(1) 2.21(2) 2.8861(18) 135(2)
010—H10A--09" 0.88(1) 2.05(2) 2.8861(18) 160(3)
010—H10B-01 0.89(1) 2.01(1) 2.8830(17) 168(2)
010—H10C-010" 0.90(1) 1.87(1) 2.757(3) 167(3)
03—H3A--04 0.81(2) 1.82(2) 2.6291(13) 171(9)

Symmetry codes: (i) —x-1, -y+1, -z+2; (ii) -x+1, -y, -z+1; (iii)

-X, -y+2, -z+1; (iv) -

+1, -y+1, -z+1. The HIB, HIC, H10A, H10C atoms
occupancy: 0.5. The H3A and H4 atoms occupancies are equal to 0.45 and 0.55, respectively.

CAF-TMSA 06—H6:-03' 0.82 1.88 2.696(2) 171
02A—H2A-:N4A 0.82 1.84 2.66(3) 177
04—H4---05' 0.82 1.80 2.613(2) 169
02—H2---N4 0.82 1.82 2.633(3) 169
Symmetry codes: (i) -x+2, y+%, -2+3/2; (ii) -x+2, y-%, -2+3/2. The 02, N4 atoms occupancy: 0.89. The O2A, N4A atoms occupancy: 0.11.
TBR-HMLA 06—H68--06' 0.82 1.72 2.53(3) 170
0O6A—HB6A--06A' 0.91 1.86 2.76(3) 170
N1—H1--01" 0.89(3) 2.05(3) 2.929(3) 171(3)
02—H2--07" 0.89(4) 1.74(4) 2.606(3) 163(4)
04—H4--N4 0.93(1) 1.81(1) 2.730(3) 168(4)
Symmetry codes: (i) -x, y, -z+%; (ii) x-%, -y+%, z+%; (iii) x+¥%, -y+¥%, z-%. The 06, O6A, H6A, H6B atoms occupancy: 0.50.
TPH-HMLA 04—H4--.08' 0.86(3) 1.86(3) 2.6851(17) 160(2)
N3—H3--05" 0.91(3) 1.91(3) 2.8141(18) 171(2)
06—H6--07" 0.90(3) 1.73(3) 2.6225(16) 169(3)
02—H2:~N4 0.91(3) 1.72(3) 2.6330(17) 177(3)
Symmetry codes: (i) -x+1, -y+2, -z+1; (ii) x, y, z-1; (iii) X, y, z+1.
(TPH)*-(HMLA)"2H:0 02—H2-07 0.83(2) 1.91(3) 2.7211(15) 164(2)
06—H6---010 0.89(3) 1.70(3) 2.5864(15) 177(2)
010—H10A--041 0.90(3) 1.85(3) 2.7416(17) 174(2)
010—H108--03" 0.88(3) 1.92(3) 2.7895(16) 175(2)
09—H9A---03" 0.96(3) 1.76(3) 2.692(5) 163(2)
094A—H9A--03'" 0.97(3) 1.76(3) 2.67(2) 156(3)
N3—H3--09 0.95(3) 1.68(3) 2.619(5) 168(2)
N3—H3--09A 0.95(3) 1.66(3) 2.60(2) 166(3)
NA—H4--04 1.07(3) 1.48(3) 2.5482(15) 173(2)
09—H9B--01" 0.89(3) 1.84(3) 2.703(5) 161(2)
09A—H9B--01" 0.95(3) 1.84(3) 2.67(2) 145(3)

constrained at 0.8 and 0.2, respectively.

Symmetry codes: (i) -x+1, y-¥%, -z+%; (i) x=Y%, -y+1, z; (iii) x+34, -y+1, z; (iv) -x+1, y+%, -z+%.The 09

and O9A atoms with occupancies

CAF-HMLA-H.0 09—H9A-01i 0.93(5) 1.83(5) 2.742(3) 167(5)
09—H9B--03 0.87(5) 1.84(5) 2.679(3) 160(4)
02—H2--05' 1.00(4) 1.64(4) 2.610(3) 162(4)
04—H4--N4 0.95(4) 1.71(4) 2.661(3) 176(3)
06—H6---09 1.01(5) 1.53(5) 2.516(3) 165(4)
Symmetry codes: (i) x, y+1, z; (i) -x+1, y+14, -z+%; (iii) x, y-1, 2.
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$9. Hirshfeld surface analysis.

The tables below (Tab. $9.1-8) represent the percentage contact contribution of each cocrystal component (excluding water molecule) on the Hirshfeld
surface area. The figures (Fig. S1-S18) represent a two-dimensional fingerprint for cocrystal components.

Tab. $9.1 Data for TBR-TMSA.

Contact TBR-A TBR-B TMSA-A TMSA-B
c-C 4.6 4.8 3.1 6.0
C-H 7.1 10.2 14.0 7.8
CN 3.0 4.1 3.5 3.4
¢-0 6.5 5.4 82 9.6
H-H 30.3 285 197 1828
O--H 36.7 374 43.5 42.6
0--0 2.5 1.7 3.2 4.3
0N 24 2.7 1.2 29
N--H 6.8 5.2 3.7 4.6
N---N - - = -
LA
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0.6 d d
U6 08 10 T T& T T8 20 £ 06 U8 10T T4 16 T8 ZU L)
Fig. S1. 2D fingerprint of TBR-A molecule in TBR-TMSA. Fig. S2. 2D fingerprint of TBR-B molecule in TBR-TMSA.
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Fig. 3. 2D fingerprint of TMSA-A molecule in TBR-TMSA. Fig. S4. 2D fingerprint of TMSA-B molecule in TBR-TMSA.

Tab. 59.2 Data for TPH-TMSA.

Contact TPH | TMSA
CC 7.2 6.7
C-H 8.7 8.6
C-N 4.2 4.2
c-0 2.7 5.1
H--H 336 | 212
O-H 346 | 442
00 17 5.0
0N 15 13
N---H 5.9 3.6
NN - -
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Fig. S5. 2D fingerprint of TPH molecule in TPH-TMSA. Fig. S6. 2D fingerprint of TMSA molecule in TPH-TMSA.
Tab. 9.3 Data for TPH-TMSA-2H:0.
Contact TPH TMSA
C-C 6.8 6.3
C-H 7.9 9.2
C--N 3.5 35
c-0 4.7 58
H--H 34.8 334
OH 323 346
00 2.2 4.2
0N 1.5 1.2
N--H 6.2 1.7
N-N - -
“dé z.ade
2.2
20
18
1.6
14
1.2|
1)
08
0.6 d d
U6 U8 TU TZ T4 16 T8 20 0 86 U8 TU Tz T4 T6 TE 20 7

Fig. 57. 2D fingerprint of TPH molecule in TPH-TMSA-2H,0. Fig. $8. 2D fingerprint of TMSA molecule in TPH-TMSA-2H,0.
Short H:++H contacts come from a disordered carboxyl group
of acid involved in the cyclic acid-acid dimer formation.

Tab. 59.4 Data for CAF-TMSA.

Contact* CAF TMSA
CC 3.9 3.7
C-H 6.4 12.0
C-N 1.5 0.5
C-0 6.7 15.8
H--H 41.8 21.6
O-H 28.4 36.1
00 1.0 3.6
0N 2.2 2.2
N---H 7.4 4.4
NN 0.7 -

* contact data was generated for a refined
structure with no designed disorder
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Fig. S9. 2D fingerprint of CAF molecule in CAF-TMSA. Fig. 510. 2D fingerprint of TMSA molecule in CAF-TMSA.
Tab. 9.5 Data for TBR-HMLA.
Contact TBR HMLA
C-C 3.6 9.8
C-H 5.0 6.0
C--N 5.0 =
C-0 4.0 4.6
H--H 37.1 | 285
OH 30.8 | 415
00 2.5 7.5
0N 2.5 -
N--H 83 21
N-N 1.1 -
. .
2.2 2.2 l@-
20) 20) 3
18 18
1.6 1.6
14 14
12 12
1) 1)
038 038
0.6 d 0.6 d
U6 U8 10U TZ T4 16 T8 20 0 U6 U8 10U TZ T4 16 T8 20 0
Fig. S11. 2D fingerprint of TBR molecule in TBR-HMLA. Fig. S$12. 2D fingerprint of HMLA molecule in TBR-HMLA.

Short H-H contacts come from a disordered carboxyl group
of acid involved in the hydroxyl dimer formation.

Tab. 59.6 Data for TPH-HMLA.

Contact TPH HMLA
C--C 5.8 6.0
C--H 6.2 5.6
C--N 3.5 3.6
C--0 7.6 4.9
H:-H 25.0 31.1
0--H 43.4 40.3
0:--0 19 0.2
0N 24 2.5
N-H 4.4 5.8
NN - -
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Fig. S13. 2D fingerprint of TPH molecule in TPH-HMLA. Fig. S14. 2D fingerprint of HMLA molecule in TPH-HMLA.

Tab. $9.7 Data for (TPH)*-(HMLA)~2H:0.

Contact TPH HMLA
C--C 3.2 3.9
C--H 6.5 17.6
C--N 21 =
C--0 74 5.0
H-H 35.8 16.2
0--H 36.6 54.3
0--0 1.1 29
0::N 3.1 0.1
N--H 3.2 0.1
NN 1.1 -

K

22

2.0

1.8]

1.6

1.4

1.2|

1.0

0.8

d d

U UE TU T2 T4 15 TE 20 T U5 UE TU T2 TA 16 T¥ 20 T

Fig. 515. 2D fingerprint of theophyllinium cation in Fig. $16. 2D fingerprint of 2,6-dicarboxybenzoate anion in
(TPH)"-(HMLA)2H,0. (TPH)"(HMLA)"2H,0.

Tab. 59.8 Data for CAF-HMLA-H:0.

Contact CAF HMLA
CC 1.1 12
CH 11.4 16.2
C-N 1.1 12
C:0 8.5 8.6
H--H 37.7 23.8
OH 309 | 434
00 0.3 0.4
0N 1.2 1.0
N---H 7.8 4.2
N---N - -
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Fig. S17. 2D fingerprint of CAF molecule in Fig. 518. 2D fingerprint of HMLA molecule in
CAF-HMLA-H,0. CAF-HMLA-H,0.

$10. Steady-state absorption standard curves
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Figure S19. Steady-state absorption standard curves of theobromine cocrystals: (A) TBR-TMSA and (B) TBR-HMLA.
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Figure S20. Steady-state absorption standard curves of theophylline cocrystals: (A) TPH-TMSA, (B) TPH-TMSA-2H,0, (C) TPH-HMLA and (D)
(TPH)*(HMLA)2H,0.
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The study of various forms of pharmaceutical substances with specific
physicochemical properties suitable for putting them on the market is one of
the elements of research in the pharmaceutical industry. A large proportion of
active pharmaceutical ingredients (APIs) occur in the salt form. The use of an
acidic coformer with a given structure and a suitable pK, value towards purine
alkaloids containing a basic imidazole N atom can lead to salt formation. In this
work, 2,6-dihydroxybenzoic acid (260DHBA) was used for cocrystallization of
theobromine (TBR) and caffeine (CAF). Two novel salts, namely, theobromi-
nium 2,6-dihydroxybenzoate, C;HyN,O,"-C;H50,~ (I), and caffeinium 2,6-
dihydroxybenzoate, CgH,;N,0,"-C;Hs0,~ (II), were synthesized. Both salts
were obtained independently by slow evaporation from solution, by neat
grinding and also by microwave-assisted slurry cocrystallization. Powder X-ray
diffraction measurements proved the formation of the new substances. Single-
crystal X-ray diffraction studies confirmed proton transfer between the given
alkaloid and 26DHBA, and the formation of N—H. - -O hydrogen bonds in both
Iand IL Unlike the caffeine cations in II, the theobromine cations in I are paired
by noncovalent N—H- - -O=C interactions and a cyclic array is observed. As
expected, the two hydroxy groups in the 26DHBA anion in both salts are
involved in two intramolecular O—H: - :O hydrogen bonds. C—H- - -O and m-m
interactions further stabilize the crystal structures of both compounds. Steady-
state UV-Vis spectroscopy showed changes in the water solubility of xanthines
after ionizable complex formation. The obtained salts I and II were also
characterized by theoretical calculations, Fourier-transform IR spectroscopy
(FT-IR), thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC) and elemental analysis.

1. Introduction

Research into different crystalline forms of active pharma-
ceutical ingredients (APIs) is one of the interests of chemists
and engineers in the pharmaceutical industry. Each form of a
given drug, such as polymorphs, solvates, hydrates, salts,
cocrystals, amorphous forms, efc., have different physico-
chemical properties due to the molecular arrangement in the
solid state (i.e. stability, bioavailability, tabletability, perme-
ability, mechanical properties and dissolution rate) (Carstens
et al., 2020). The preferred form of a substance is the crys-
talline form with the most stable arrangement of molecules
(Ghadi er al., 2014). In turn, amorphous substances have
limited pharmaceutical use despite their proven better solu-
bility compared to crystalline forms, due to their poor stability
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Table 1

Experimental details.

For both structures: Z = 4. Experiments were carried out with Cu Ka radiation using a Rigaku OD SuperNova Single source diffractometer with an Atlas detector.
Absorption was corrected by multi-scan methods (CrysAlis PRO; Rigaku OD, 2019). All H-atom parameters were refined.

I

11

Crystal data
Chemical formula

CHyN,0," CH;0,

CH N0, -G H504~

M, 33429 34832

Crystal system, space group Monoclinic, P2,/c Monoclinic, P2,/n

Temperqllura (K) 132 131

a, b, c(A) 6.9579 (3), 16.5845 (6), 12.4718 (5) 14.8560 (3), 6.95591 (11), 15.8927 (3}
BC) 95.691 (4) 115.413 (3)

V(A% 1432.06 (10) 1483.39 (6)

Jt(mm~") 1.06 1.05

Crystal size (mm)

Data collection

Tinins Tmax

No. of measured, independent and observed
[ > 20(I)] reflections

0.649, 1.000

Riny . 0.023
(5in /3 )max (A7) 0.631
Refinement

R[F? > 20(F%)], wR(F?), S

No. of reflections 2970

No. of parameters 273

No. of restraints 2

D Pmaxs DPmin (¢ A7) 051, -024

0.34 x 0.24 x 0.08

12055, 2970, 2782

0.055, 0.147, 1.11

0.3 x 0.17 x 0.12

0.773, 1.000
11899, 3076, 2815

0.025
0.630

0.034, 0.096, 1.05
3076

290

1

028, —0.18

Computer programs: CrysAfis PRO (Rigaku OD, 2019), SHELXT2018 (Sheldrick, 2015a), SHELXL2018 (Sheldrick, 2015b) and OLEX2 (Dolomanov et al., 2009)

and the possibility of transformation into other phases
(Hancock & Parks, 2000; Yu, 2001; Banerjee & Brettmann,
2020).

The search for the appropriate form of a drug is often
difficult and time-consuming because, on the one hand, its
pharmacological action must be maintained or improved and,
on the other hand, its physicochemical properties, which have
a direct impact on its activity, should be improved (Kumar &
Nanda, 2018; Yadav et al., 2009). Many methods are known to
improve the physicochemical properties of an API, such as
particle size reduction (Fang er al., 2020), synthesis of solid
dispersion (Nair et al., 2020; Sareen et al., 2012), nanoparticles
(Kumar er al., 2020), self-emulsifying drug delivery (SEEDS)
(Pehlivanov, 2020), nanosuspension (Stefan et al., 2020) or
advanced lipid technologies (ALT) (Lopez-Toledano et al.,
2019). Another method is to introduce guest molecules into
the crystal structure of an API, which is still a very popular
method (Dai et al., 2018). This gives an opportunity to create
various types of two- or multi-component systems. One of
these systems involves molecular complex formation, in which

(o] (o] 0, OH
/ NI
N ~
HN N HO. OH
A > 1 I»
0Z>N"TN  oZN7 N
I I
Theobromine Caffeine 2,6-dihydroxybenzoic
(TBR) (CAF) acid (26DHBA)
Figure 1

The structures of 2,6-dihydroxybenzoic acid and the alkaloids used for
cocrystallization.

the molecules of both an APT and a guest (coformer) are in the
neutral form. When both of these substances and the complex
which they form are in the solid form, under normal condi-
tions, we can obtain a cocrystal (Byrn er al., 2017). There is also
the possibility of proton transfer between an API and
coformer, leading to salt formation when certain conditions
are met, such as a suitable ApK, value or the structure of the
compound (type and position of functional groups). The
formation of complexes of this type (multi-component crystal)
in comparison to pure substances (single-component crystal)
most often leads to changes in physicochemical properties due
to rearrangement of the molecules in the crystal lattice
(Schultheiss & Newman, 2009).

The use of acidic coformers with a given pK, value for
purine alkaloids containing an imidazole basic N atom may
lead to the formation of an ionizable complex. In this article,
2,6-dihydroxybenzoic acid (26DHBA), the strongest of the
dihydroxybenzoic acids, was used for cocrystallization with
theobromine (TBR) and caffeine (CAF) (Fig. 1). The crystal
structures of the title salts were determined by single-crystal
X-ray diffraction. The powders were also characterized by
powder X-ray diffraction, thermogravimetric analysis, differ-
ential scanning calorimetry, UV-Vis and Fourier-transform IR
spectroscopy, and elemental analysis. Theoretical studies were
also performed for the title salts.

2. Experimental
2.1. Materials

Theobromine (TBR) and caffeine (CAF) were purchased
from Swiss Herbal and Coffeine Shop, respectively. 2,6-Di-
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hydroxybenzoic acid (20DHBA) was obtained from TriMen
Chemicals. All substances were used without prior purifica-
tion. Millipore distilled water (18 M) was used in all UV-Vis
analyses.

2.2. Synthesis and crystallization

2.2.1. Cocrystallization from solution. Theobromine (13.3 mg,
0.074 mmol) and 2.6-dihydroxybenzoic acid (11.5 mg, 0.075 mmol)
were dissolved in an isopropanol-water solution by heating, and
single crystals of I were obtained by slow evaporation. Caffeine
(27.5 mg, 0.14 mmol) and 2,6-dihydroxybenzoic acid (21.7 mg,
0.14 mmol) formed II by slow evaporation from an acetonitrile
solution.

2.2.2. Cocrystallization by grinding. Neat grinding experi-
ments were performed using an oscillatory ball mill Retsch
MM300. TBR (8.8 mg, 48.8 pmol) with 26DHBA (7.5 mg,
48.7 pmol) and CAF (10.8 mg, 55.6 pmol) with 26DHBA
(8.4 mg, 54.5 pmol) were ground with a 6.35 mm stainless steel
ball. Each experiment lasted 30 min at a frequency of 25 Hz.

2.2.3. Microwave-assisted slurry cocrystallization. The
Discover LabMate reactor was used as a microwave irradia-
tion source for cocrystallization experiments. The alkaloid and
the acid in stoichiometric ratios were placed in glass vials
together with a magnetic stirrer bar, and then a specific
volume of the appropriate solvent was added. Water,
methanol, acetonitrile and ethyl acetate were used as solvents.
The amounts of the substrates and solvents used in the
microwave-assisted cocrystallizations are given in Tables S1
and S2 (see supporting information). The experiments with
the slurries containing theobromine and 2,6-dihydroxybenzoic
acid were carried out at 60 °C for 5 min with continuous stir-
ring at 300 rpm. In turn, the experiments with samples con-
taining caffeine were carried out at 80 °C for 3 min with a
stirring speed at 300 rpm. The microwave potency needed to
reach the desired temperature and maintain it during the reac-
tion for a certain time was adjusted automatically by the appa-
ratus. The solids obtained were dried under ambient conditions
and characterized by powder X-ray diffraction (PXRD).

2.3. Refinement

Crystal data, data collection and structure refinement
details for (TBR-H)"-(26DHBA)~ (I) and (CAF-H)"-
(26DHBA)™ (II) are summarized in Table 1. H atoms were
located in a difference Fourier map and refined with isotropic
displacement parameters. In the final refinement model,
chosen distances were restrained in both structures.

2.4. Powder X-ray diffraction (PXRD)

Low-temperature powder experiments using an Oxford
Diffraction SuperNova diffractometer with a Cu K« radiation
source for samples from a solvent, neat grinding and micro-
wave-assisted slurry cocrystallizations were performed.
CrysAlis PRO was used for data collection (Rigaku OD, 2019).
Experimental conditions: scanning intervals = 0-50° (20),
time per step = 0.5s and step size = 0.01° 6. Theoretical
powder patterns were determined using Mercury (Macrae et

al., 2020). Parameters used for simulation: step size = 0.01° 8
and width at half height (FWHM) = 0.2. The Kdif software
(http:/kdiff3.sourceforge.net/) was used for analysis of the
powder patterns.

2.5. Vibrational spectroscopy (FT-IR)

FT-IR spectra were recorded in KBr pellets in the range
4000-400 cm™! using a Bruker IFS 66v/S instrument, with a
resolution of 2 cm™'. Each spectrum was accumulated by the
acquisition of 64 scans.

2.6. Theoretical calculations

Density functional theory (DFT) calculations were per-
formed using the GAUSSIANI6 program package (Frisch et
al., 2016). The APF-D hybrid DFT method including disper-
sion (Austin et al, 2012) and the 6-311++G(d,p) basis set
(Wiberg, 1986) were employed to obtain the optimized
geometry and vibrational wavenumbers. The APF-D method
was chosen as one of the best for determining the molecular
geometry of organic molecules, hydrogen-bond interactions
and IR spectra, and it had the best compromise between
accuracy and computational cost (Foresman & Frisch, 2015).
The X-ray geometries of I and II were used as starting points
for the calculations. All calculated IR frequencies were real,
which confirmed that the optimized structures corresponded
to a local energy minimum. The potential energy distribution
(PED) of the vibrational modes was established using the
VEDA 4 program (Jamroz, 2004, 2013). Only contributions to
PED greater than 10% were considered.

2.7. Thermal analysis

The thermal stability of the described salts was investigated
with a TG 209 F3 Tarsus thermogravimetric analyzer
(NETZSCH-Geratebau GmbH, Norderstedt, Germany) in
the temperature range from 30 to 600 °C. About 10 mg of
sample was placed in a platinum crucible and analyzed with a
10 °C min~" heating rate under a nitrogen atmosphere (purge
of 10 ml min~" of N, protection gas and 20 ml min™" of N,
sample gas). Melting temperatures (7,) were measured by
DSC (Mettler—-Toledo DSC1 instrument, Greifensee, Swit-
zerland) under a nitrogen atmosphere with a heating rate of
10 °C min~" in the temperature range from 30 to 220 °C and
were determined from the transition peaks.

2.8. Steady-state absorption spectroscopy

The concentrations of (TBR-H)'-(26DHBA)~ (I) and
(CAF-H)"-(26DHBA)~ (II) in aqueous samples were deter-
mined via spectrophotometric assays using an Agilent 8453
UV-Vis spectrophotometer with a scanning range between
200 and 1000 nm, and 1 nm increments. The investigation of
the solubility of the salts was performed using UV-Vis spec-
trophotometric assays. A series of standard solutions of I and
II in distilled water at concentrations of 0.0025, 0.005, 0.01,
0.015 and 0.02mg ml~' were prepared and used for the
preparation of the calibration curves. The recorded UV-Vis
spectra exhibited maxima for I and I at 274 nm. The prepared
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calibration curves were subsequently used for the calculation
of the solubility of the salts by measuring saturated solution
absorbance. Saturated samples of I and II were prepared by
mixing 15 mg of the alkaloid derivative with 3 ml of distilled
water at room temperature for 1 h, using an ultrasound bath.
Saturation of the solutions was indicated by the presence of
undissolved material. The spectrophotometric measurements
were made in triplicate.

3. Results and discussion

3.1. Crystal structure design — Cambridge Structural Data-
base (CSD) analysis

In the initial stage of designing the crystal structure of the
two title substances, it was significant to know the forms in
which they occur (neutral or ionized), the formation of
possible supramolecular synthons and which of them are
preferred. It was difficult to unequivocally predict the nature
of the product based only on the determined ApK, values for
the discussed systems (Table 2), as they are in the range —1 to
4 (Cruz-Cabeza, 2012). However, much information can be
gained by an analysis of solids containing substances that have
been deposited in the CSD (Groom et al., 2016) so far, which
will be used for the cocrystal synthesis.

2,6-Dihydroxybenzoic acid is the strongest of the di-
hydroxybenzoic acids, due to the formation of two inter-
hydrogen bonds in structure, with the
participation of the hydroxy groups and the carboxyl group
(pK, = 1.29) (Papadopoulos & Avranas, 1991). In the crystal
structure of the pure acid, we observed either 2,6-dihydroxy-
benzoic acid molecules in which the carboxyl groups adopt the
syn (motif C, monoclinic polymorph; Gdaniec et al., 1994) or
anti [motif D, orthorhombic polymorph (MacGillivray &
Zaworotko, 1994) and monohydrate (Gdaniec et al., 1994)]

molecular its

B
0 o
Ry H
| :
o °x,,
C D

Figure 2

The observed motifs for the intramolecular hydrogen bonds in the 2,6-
dihydroxybenzoate anion (motifs A and B) and 2,6-dihydroxybenzoic
acid (motif C is the syn-COOH conformation and motif D is the anri-
COOH conformation) (D’Ascenzo & Auffinger, 2015).

Table 2
Calculated ApK, values for the title salts.

The 2.6-dihydroxybenzoic acid pK, value of 1.29 was taken into account for
the ApK, calculation (Papadopoulos & Avranas, 1991).

ApK, (Cruz-Cabeza,
2012) = pK,(protonated

Alkaloid pK,(protonated base) base) — pK,(acid)
TBR (theobromine)  0.12 (Pereira er al., 2016) —1.17
CAF (caffeine) 0.6 (Pereira et al., 2016) —0.69

conformations (Fig. 2). In cocrystals of this acid, the carboxyl
group more often adopts the syn (9 out of 10 entries) than the
anti conformation (Table S4 in the supporting information)
(Bruno et al., 2002). This acid, however, is more likely to form
salts than cocrystals. Of 50 deposited acid-base systems, 44
structures display proton transfer from 2.6-dihydroxybenzoic
acid.

In the two deposited structures where 2,6-dihydroxybenzoic
acid is in the anionic form, only one intramolecular hydrogen
bond with the participation of one hydroxy group was formed,
while the proton from the second hydroxy group does not
form any strong contact (motif B). However, the formation of
two intramolecular noncovalent interactions with the partici-
pation of both hydroxy groups is much more preferable, as can
be seen in 43 of 44 structures containing the 2,6-dihydroxy-
benzoate anion and in all structures where this acid is in the
neutral form (Tables S3 and S4, respectively, in the supporting
information). This observation is consistent with one of the
Etter rules of the preferential formation of intramolecular
hydrogen bonds over intermolecular interactions in six-
membered rings (Etter, 1990). The hydroxy O atoms can also
be proton acceptors if additional groups, such as nitrogen (e.g.
—-NH;", primary or secondary amine group) or oxygen donors
(e.g. “=COOH or —-OH group, or H,O molecule), appear in
their vicinity. In 22 entries containing the 2.6-dihydroxy-
benzoate anion, at least one hydroxy group acts as a proton
acceptor and is involved in the formation of an intermolecular
hydrogen bond (details are presented in Table S3 of the
supporting information).

Yoo X

b -
Synthon A Synthon B

Figure 3

The supramolecular carboxylic acid—amide heterosynthons observed in
theobromine—carboxylic acid systems. Synthons A [observed in structures
with CSD refcodes UKOLAK (Goldyn er afl, 2020) and CSATBR
(Shefter et al., 1971)] and B [HIJYEF (Karki er al, 2007), MUPPET
(Clarke et al, 2010) and ZOYBOG (Jacobs & Amombo Noa, 2015)]
represent synthons with the participation of the exo- and endo-carbonyl
O atom, respectively.
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Synthon A

Figure 4

Synthon B Synthon C

The predicted supramolecular synthons with theobromine (A, B and C) and caffeine (C). Synthons A and B represent amide—amide homosynthons with

the participation of the exo- and endo-carbonyl O atom, respectively.

Caffeine has only good proton acceptors (carbonyl groups
and an imidazole N atom) but does not have good donors.
Theobromine, unlike caffeine, has one good donor at the
pyrimidine ring. It can participate in the formation of strong
amide-amide dimers, which are observed in many theo-
bromine—carboxylic acid systems (Figs. 4a and 4b) (Groom et
al., 2016). The imidazole N atom of purine alkaloids most
often interacts noncovalently with the carboxyl group of an
acid. In several structures containing theobromine and a
carboxylic acid derivative, formation of the amide—carboxylic
acid synthon was observed (Figs. 3¢ and 3b). However, proton
migration from the carboxyl group to the imidazole N atom is
expected (Fig. 4c¢), so we do not take into account the possi-
bility of the formation of an amide—carboxylic acid hetero-
synthon in the theobromine-2,6-dihydroxybenzoic acid
system.

Based on the above considerations, it can be concluded with
a high degree of probability that caffeine with 2,6-di-
hydroxybenzoic acid will form an ionized binary system
maintained by N—H---O™ hydrogen bonding. In the crystal
lattice of the theobromine-acid complex, it is envisaged that
an imidazole-carboxylic acid motif (Fig. 4c) and the amide-
amide homosynthon between two xanthine units will be
observed. There are two possibilities for the formation of this
dimer, ie. with the exo or the endo carbonyl group of the
pyrimidine ring of the alkaloid (Figs. 4a and 4b, respectively).
The CSD analysis indicates the preference for the formation

A ,\/\A/\, o

Relative intensity

20

Figure 5

A AN

—A“ jk‘klg——%”/k -

25
2Theta [°]

of the amide—amide synthon with the participation of the exo-
carbonyl group (Groom et al., 2016).

3.2. Synthetic approach

Cocrystallizations with theobromine and caffeine using 2,6-
dihydroxybenzoic acid as coformer were performed. Theo-
bromine with this acid can form a salt hydrate or a salt
depending on the conditions of cocrystallization from solution
or by milling. It has been shown that the monohydrate form
(TBR-H)"(26DHBA)-H,O was obtained by slow evapora-
tion from an acetonitrile-water solution and by water-assisted
grinding (Goldyn et al., 2019). In turn, cocrystallization by
slow evaporation from an isopropanol-water solution leads to
the anhydrous form (I). Caffeine with 2.6-dihydroxybenzoic
acid forms only the salt (IT). The described salt was obtained
by cocrystallization in acetonitrile solution. A comparison of
the powder patterns shows the possibility of the formation of
both discussed compounds via grinding under solvent-free
conditions (Figs. 5 and 6).

The use of microwave irradiation seems to be a promising
method for obtaining cocrystals or salts. Both of the discussed
compounds were obtained by microwave-assisted slurry
cocrystallization. Solvents such as water, methanol, aceto-
nitrile and ethyl acetate were used for these experiments. The
powder diffraction patterns for the solids obtained by the
synthesis using the above method were compared (Figs. 7

TBR-26dhba calc PXRD

TBR-26dhba iPrOH-H,0
N~ S ——

TBR-26dhba NG XRD
AN -
30 35 40

Comparison of the powder diffractograms for (TBR-H)"-(26DHBA) ™. The theoretical powder pattern (black line) and the powder patterns of the
materials from grinding (green line) and solution cocrystallization (red line) are presented.
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Comparison of the powder diffractograms for (CAF-H)"-(26DHBA) ™. The theoretical powder pattern (black line) and the powder patterns of the
materials from grinding (green line) and solution cocrystallization (red line) are presented.

and 8). The microwave cocrystallization of caffeine and 2,6-
dihydroxybenzoic acid in each case resulted in the formation
of II. The use of water and acetonitrile to cocrystallize theo-
bromine with this acid resulted in the desired product I. In
turn, when methanol and ethyl acetate were used, peaks not
only from salt I, but also from theobromine, were observed,
which indicates incomplete conversion of the substrates. In
these cases, the reaction should probably be carried out longer
or at a higher temperature.

3.3. Structural analysis

Single-crystal X-ray diffraction measurements allowed the
determination of the ionic nature of the title substances. The
location of the proton in a difference Fourier map is the
simplest determinant of the nature of the analyzed complex.
However, we should also pay attention to the geometry of the
relevant functional groups, since we are dealing with a pair of

1k

AN

Relative intensity

10 20

V/J\/\w Tbr-26dhba-H,0-MW
A \ Tbr-26dhba-MeOH-MW
‘ Tbr-26dhba-MeCN-MW

1
[
| \/J Tbr-26dhba-AcOEt-MW
4.j\_,J A~ e — e _

acid—-base compounds. There is a significant difference in the
C—O bond lengths in the carboxyl moiety, as opposed to the
carboxylate anion, in which these values are similar.

In theobromine salt I, the C=0 [C7—01 = 1241 (3) A]
and C—O [C7—-02 = 1.297 (3) A] bond lengths suggest the
presence of a carboxylate group. A similar situation occurs in
caffeine salt II, where the difference in the C—O bond lengths
in the carboxyl group of 2,6-dihydroxybenzoic acid is 0.041 A
[C7—01=1.2530 (16) A and C7—02 = 1.2940 (15) A]. Inter-
estingly, such significant differences result from the different
number of strong hydrogen bonds formed by the carboxylate
O atoms and the nature of the donors (Chumakov et al., 2006).
In I and II, each of the carboxylate O atoms in the 2,6-dihy-
droxybenzoate anion forms strong intramolecular O—H- - -O
hydrogen bonds, while one of them additionally forms a strong
hydrogen bond with the imidazole N atom. The formation of
the ionic complex is the result of proton migration from the
acid group to the imidazole N atom, which is a basic group.

Tbr-26dhba-calc

Thr-sample

e, A 26dhba-sample

30 40

2Theta [°]

Figure 7

Compilation of the powder diffractograms for (TBR-H)'-(26DHBA) . The theoretical powder pattern and the powder patterns of the materials from
microwave-assisted cocrystallization are presented. The powder diffraction patterns of the substrates are also included.
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Figure 8

Compilation of the powder diffractograms for (CAF-H)"'-(26DHBA)". The theoretical powder pattern and the powder patterns of the materials from
microwave-assisted cocrystallization are presented. The powder diffraction patterns of the substrates are also included.

There is then a slight but distinct change in the geometry of
the imidazole ring. Changes in the values of the valence angles
in this ring can confirm the presence of the cationic form of the
alkaloid molecule in the crystal lattice (Fig. 9). The list of
values of the o, B and y valence angles in the discussed
complexes, together with those already obtained for theo-
bromine and caffeine complexes with hydroxybenzoic acids,
are presented in Tables S6 and S7, respectively, in the
supporting information.

3.3.1. Theobromine with 2,6-dihydroxybenzoic acid. Theo-
bromine and 2,6-dihydroxybenzoic acid cocrystallize as a salt,
L in a 1:1 stoichiometric ratio in the monoclinic space group
P2,/c (Fig. 10a). In the crystal structure, finite four-component
systems formed by two alkaloid and two acid molecules are
observed (Fig. 10b). The hydroxy groups in the 2.6-di-
hydroxybenzoate anions are involved in intramolecular O—
H---O~ hydrogen bonds and two S(6) systems are formed
(Table 3). As predicted, the acid-alkaloid motif is maintained

through charge-assisted N—H- - -O™ hydrogen bonds (Fig. 4¢).
Each pair of theobromine cations forms a centrosymmetric
R3(8) homodimer via N—H. . .O interactions with the parti-
cipation of the endo-O atom (Fig. 4b). The above supra-
molecular motifs are consistent with earlier assumptions,
however, a less expected amide-amide synthon is observed
(Figs. 4b and 10b). Weak C—H---O hydrogen bonds and
7(TBR)- - -m(26DHBA) interactions (Table S8 in the
supporting information) are responsible for stabilization of the
three-dimensional structure (Fig. 10c).

3.3.2. Caffeine with 2,6-dihydroxybenzoic acid. Caffei-
nium 2,6-dihydroxybenzoate salt II crystallizes in the mono-
clinic space group P2,/n with a caffeine cation and a
(260DHBA) ™ anion in the asymmetric unit (Fig. 11a). These
ionic species are hydrogen bonded via N—H-.-O™ inter-
actions (Fig. 4c and Table 3). As expected, in the crystal
structure of II, the alkaloid and acid form discrete two-com-
ponent building blocks stacked in a ‘head-to-tail’ manner,

sustained by m(CAF). - -m(26DHBA) forces (Fig. 11b

Table 3 9 : :
Experimental and computed hydrogen-bond parameters (A‘ °) in the and T{ble §8). In the amm_]' two,lmram()]ecular o-—
TBR-26DHBA (I and Ia) and CAF-26DHBA (II and Hla) systems. H---O™ hydrogen bonds involving hydroxy groups
Alkaloid 26DHBA oM. . HoA Do DM are formed. The O3—C2—-C3—-C4 and O4—C6—
roc - - - C5—C4 torsion angles [—178.9 (1) and 179.8 (1)°,
Experimental I 03—H3---02 0975 (10) 1.632(16) 2558 (2) 157 (3) respectively] show that the phenol groups are practi-
(TBR-H)"-(26DHBA)~ O4—H4A--.01 1.00 (4) 1.62(4) 2550(2) 153(3) : : ~
NI_HL .06 085(3) 204(3) 28812 169(3) celilly in the same planel as the arene ring of the '2,6
N4—H4-..02 094 (4) 162(4) 2557(2) 169 (4) dihydroxybenzoate anion. C—H---O interactions
Calculated Ia 03—H3---02 0972 1727 2.579 144 occur between neighbouring two-component building
TBR26DHBA 8;723/1]“01 ?g;? {%2 g;g ]132 blocks and these additionally stabilize the (CAF-
—Hd. . 026 3 X 8 Z .
Experimental II 03—H3.--02 094(2) 172(2) 25737 (13) 149 (2) H)"(26DHBA) " crystal structure (Fig. 11c).
(CAF-H)"(26DHBA)~ O4—H4A---01 091 (2) 1.69(2) 2.5440 (13) 156.1 (19)
N4—H4---02  0.989 (15) 1.555 (15) 2.5441 (14) 179 (2)
Calculated Ha 03-H3.--02 0972 1725 2579 145 3.4. Optimized structures and IR spectra
CAF-26DHBA 04—H4A. .01 0.984 1.668 2.558 148
O2—H4.- N4 1.028 1.579 2.607 178 The optimized structures of the isolated molecules

Symmetry code: (i) —x + 1, —y + 1, —z.

of TBR:26DHBA (Ia) and CAF-26DHBA (Ila) are
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Figure 9

Changes in the values of the valence angles in the alkaloid imidazole ring
as a result of proton transfer from the acid molecule to the imidazole N
atom. It has been shown that the values of the a and y valence angles are
greater in the protonated forms (a; < a> and y; < y2), while the value of
the B valence angle decreases (B> f,) (Goldyn et al., 2021).

presented in Fig. S2 (see supporting information). The
geometrical parameters (bond lengths, bond angles and
selected torsion angles) are compared with the XRD results in
Table S9.

The mean absolute differences (MAD) between the
experimental and calculated bond lengths are 0.011 and
0.013 A for Ia and Ila, respectively. The MAD of the bond
angles for the theobromine complex is 0.94° and for the
caffeine complex is 0.99°. In the crystal, the proton is trans-
ferred from the acid to the TBR or CAF molecule, which is in
contrast to the isolated molecule. Additional calculations for
CAF-26DHBA with acetonitrile or water (Fig. S2¢) as solvents
revealed also the transfer of the proton to the imidazole N
atom. We conclude that the localization of the proton depends
on intermolecular interactions.

Electron-density distribution can be described in detail with
the quantum theory of atoms in molecules (QTAIM) (Bader,
1994; Lu & Chen, 2012). The (3,—1) critical points and the
bonding paths between two atoms indicate the existence of
hydrogen bonds. Bonding paths and critical points in the
structures of Ia and Ila are shown in Fig. 12.

In order to interpret the measured IR spectra (Fig. 13),
model spectra were calculated for the optimized structures.
Details of these calculations are included in the supporting
information (Figs. S3 and S4, and Tables S10-S13). For the

06 ()
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-.—-*s__.___ﬁ———

—~——— - e o —

Figure 10

2o
et
*;ﬁ@
) )58%?

O

Figure 11

(a) The asymmetric unit of (CAF-H)"-(26DHBA)", with displacement
ellipsoids drawn at the 50% probability level. (b) The two-component
units interconnected by m(CAF)---m(26DHBA) forces. (¢) The two-
dimensional structure sustained via C—H- - -O interactions.

T X0 1 0 0 g 3
e Bty
5 e F

(a) The asymmetric unit of (TBR-H)"-(26DHBA) ", with displacement ellipsoids drawn at the 50% probability level. (b) The 2D structure consisting of
four-component systems of (TBR-H)"-(26DHBA) ™, interconnected by C—H- - -O hydrogen bonds. (¢) The three-dimensional structure of I stabilized by

7(TBR)- - -m(26DHBA) interactions,
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(@)

Figure 12

J‘

Critical points (black dots) and paths indicating interactions through hydrogen bonds for (¢) TBR:26DHBA (Ia) and (b) CAF-26DHBA (Ila).

salts, in both cases, there are hydrogen bonds of medium
strength, and in the experimental IR spectra, broad absorption
with three ABC bands was observed. All bonds are noncen-
trosymmetric, especially N—H...O, hence the N—H
stretching vibration bands are also visible. In salt I, in the
range 3600-2000 cm ',
pared to the spectrum of II, which is related to the presence of
a weak N—H- --O (2.881 A) hydrogen bond in the TBR salt.
The most intense band predicted theoretically is connected
with the O—H: - -N mode.

The carbonyl group is characterized by a strong absorption
band due to C—0O stretching vibrations. In the IR spectrum of
caffeine, two bands are observed in the carbonyl region at
1701 and 1660 cm™" (Srivastava & Singh, 2013). After the

formation of salt II, these bands are moved towards higher
-1

the absorption is more intense com-

wavenumbers at 1718 and 1673 cm™ ', similar to the caffeine
and theophylline complexes (Gunasekaran er al., 2005).
Stretching modes vCC and vCN in the purine ring are
observed at 1565 and 1530 em ™! for II, and at 1560, 1529 and
1516 cm™" for L The imidazole ring vCN vibrations are
observed at 1322 cm™ !, whereas for TBR-26DHBA they are at
1335cem™".

IR spectroscopy provides valuable information on salt
formation. For 2,6-dihydroxybenozic acid, the vVCOOH mode
is observed at 1685 cm ™! (Solomon et al., 2017). The formation
of the salt causes the disappearance of this band and two
bands are observed for the carboxylate anion. In the experi-
mental spectra of I and II, carboxylate bands are observed
at 1579/1390 and 1587/1390 cm™. were
observed for salts of 2,6-dihydroxybenzoic acid with nitrogen

Similar bands

Table 4

Comparison of the water solubility of the alkaloid derivatives with 2,6-dihydroxybenzoic acid described in

the literature.

heterocycles (Solomon et al., 2017) and Dapsone (Li et al.,
2020).

3.5. Solubility tests

The modification of active pharmaceutical compounds
should lead to an improvement in their physicochemical
properties. Much attention has been paid to solubility, an
increase of which can affect other properties, such as perme-
ability, bioavailability, dissolution rate and others (Roy &
Ghosh, 2020). Solubility measurements were carried out for I
and II using UV-Vis spectroscopy. Theobromine is char-
acterized by relatively low solubility in water, i.e. 0.33 mg ml ™
(0.00183 mmol ml ™). Cocrystallization of this alkaloid with
2,6-dihydroxybenzoic acid results in the formation of salt I
with a solubility of 1.44 g 17" (0.00431 mmol ml™") (Table 4).
Thus, this compound is more than twice as soluble in water
compared to the pure alkaloid. Earlier studies have shown
that the monohydrate equivalent (TBR-H)"-(26DHBA)™--
H,O has a 52-fold greater solubility than theobromine
(Goldyn et al., 2019). The anhydrous form of this complex is
less soluble than the hydrate analog, which shows that the
presence of water in the crystal lattice can significantly
improve water solubility.

Caffeine salt II shows a greater than 12 times lower water
solubility (3.133 g 17*, 0.009 mmol ml™") compared to pure caf-
feine (20.973 g 17", 0.108 mmol ml~"). It is worth mentioning the
salt hydrate of theophylline with this acid, which, according to
UV-Vis studies by Sarma & Saikia (2014), is about 1.2 times
more soluble in water than the pure alkaloid (Table 4).

3.6. TGA and DSC analysis

Thermogravimetric analysis
(TGA) was used to investigate the
thermal stabilities of (TBR-

Alkaloid-26DHBA complex Alkaloid solubility in water (mmol ml™") Absorption solubility (mmol ml™")"

H)*-(26DHBA)~ (I) and (CAF-

(TBR-H)"-(26DHBA)~
(TBR-H)"-(26DHBA)~-H,0
(TPH-H)".(26DHBA) -H,O 0.0457 (Sarma & Saikia, 2014)
(CAF-H)"(26DHBA)~ 0.108 (Lilley et al., 1992)

0.00183 (Sanphui & Nangia, 2014)

Note: (a) the change in water solubility in relation to the alkaloid solubility is shown in brackets.

0.00431 (x2.36) (this work) H) ‘(_%DHBAY (_")' Theo-
0.09452 (x51.65) (Goldyn et al., 2019) bromine salt I displays two
0.0526 (x1.15) (Sarma & Saikia, 2014) decomposition steps. The first,
0.009 (x0.083) (this work) occurring at 194°C, can be

attributed to the loss of 2,6-di-
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Figure 13
IR spectra in the range 1800-1200 cm ™' for (a) CAF-26DHBA and (b)
TBR-26DHBA.

hydroxybenzoic acid (weight loss calculated 45.8%. deter-
mined 43.7%). The next step at 292 °C is the release of the
alkaloid molecules (Fig. 14a). The melting point of this solid,
determined by DSC analysis, is 202 °C (Fig. S5 in the
supporting information). For comparison, the hydrate form
(TBR-H)"-(26DHBA)-H,O melts at 193 °C (Goldyn e al.,
2019). The decomposition of caffeine salt ILis divided into two
stages. The first step, related to decomposition of the acid, and
the second, related to the decomposition of caffeine, are
observed at 181.3 and 2382 °C, respectively (Fig. 14b).
However, it is not possible to determine the loss of mass
occurring during the first stage, due to its continuity, and this,
in turn, does not allow the method of decomposition of the
caffeine salt to be determined. On the DSC curve, a sharp
endothermic peak, indicating a melting point of IL, is observed
at T,,, = 183 °C (Fig. S6). 2,6-Dihydroxybenzoic acid melts at

about 173 °C (Liao er al., 2010) and the melting points of the
salts are between those of this acid and the given alkaloid [the
melting points of caffeine and theobromine are 235.6
(Klimova & Leitner, 2012) and 348 °C (Martin et al., 1981),
respectively].

4. Conclusions

Cocrystallization of selected purine alkaloids with 2.6-di-
hydroxybenzoic acid as a coformer leads to the ionic com-
plexes Iand II'in a 1:1 ratio. The reactions were carried out in
solution, by milling and by microwave-assisted slurry cocrys-
tallization, and the products obtained were confirmed by
PXRD analysis. Structural studies showed practically com-
plete success in obtaining the predicted basic supramolecular
synthons responsible for the noncovalent association of mol-
ecules in the described purine derivatives. Both hydroxy
groups in the 2,6-dihydroxybenzoate anion form intra-
molecular O—H---O~ hydrogen bonds. Proton migration
from the carboxyl group to the imidazole N atom, confirmed
by the presence of the carboxylate group and the imidazole-
ring geometry, leads to N—H- - -O™ hydrogen-bond formation
(alkaloid-acid heterosynthon). However, the amide—amide
dimer found in I was not formed with the exo-carbonyl group
but with the endo-carbonyl group, which is less frequently
observed in theobromine—carboxylic acid systems.

Following the assumptions based on the ApK, values and
an analysis of the CSD, ionic complexes were obtained.
Theoretical calculations carried out for the isolated system
reflected the structure obtained by the single-crystal X-ray
diffraction method, apart from the proton transfer from the
2,6-dihydroxybenzoic acid to the alkaloid molecule. The
difference in the nature of the compounds obtained by the
above methods may result from the role of intermolecular
interactions in the solid, which are not taken into account in
theoretical calculations. Only additional calculations in which
proton transfer was simulated in the presence of a solvent as

100 100 ——
80 80
= 60 ~ 60
g g
© 2
40 40
20 20
0 0
100 200 300 400
T (°C)
(b)
Figure 14
TG (solid red line) and DTG (dotted black line) curves for (a) (TBR-H)*-(26DHBA) ™ and (b) (CAF-H)"-(26DHBA) "~ over the temperature range 30—
400 °C.
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an environment (acetonitrile or water) gave results consistent
with our results and the literature data. IR spectroscopy
further confirmed the formation of the salts.

Theobromine with 2.,6-dihydroxybenzoic acid forms a salt
monohydrate (1:1:1 ratio) or anhydrous salt T (1:1 ratio)
depending on the cocrystallization conditions. Both are more
soluble in water than the pure alkaloid by 2.4 and 52 times,
respectively. Caffeine forms anhydrous ionic complex II with
this acid, which is 9 times less soluble in water than caffeine.
Theophylline forms with 2,6-dihydroxybenzoic acid a slightly
more water-soluble salt hydrate (1:1:1 ratio).

In addition to the above differences, we also observed
different thermal properties. Both salts described in this article
have melting points higher than the melting point of the
coformer but lower than the melting point of the alkaloid. The
decomposition of both complexes takes place in two stages,
with the release of acid molecules in the first stage. In contrast
to the theobromine salt, the release of acid coincides with the
degradation of the alkaloid in the caffeine salt, so it was
impossible to determine a definite way of this salt decom-
position.
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Salts of purine alkaloids caffeine and theobromine with 2,6-dihydroxybenzoic

acid as coformer: structural, theoretical, thermal and spectroscopic studies

Mateusz Goldyn, Anna Komasa, Mateusz Pawlaczyk, Aneta Lewandowska and Elzbieta

Bartoszak-Adamska

Computing details

For both structures, data collection: Crysdlis PRO (Rigaku OD, 2019); cell refinement: Crysdlis PRO (Rigaku OD,
2019); data reduction: CrysAlis PRO (Rigaku OD, 2019); program(s) used to solve structure: SHELXT2018 (Sheldrick,
2015a); program(s) used to refine structure: SHELXL2018 (Sheldrick, 2015b); molecular graphics: OLEX2 (Dolomanov
et al., 2009); software used to prepare material for publication: OLEX2 (Dolomanov et al., 2009).

1,3,7-Trimethyl-2,6-dioxo-2,3,6,9-tetrahydro-1H-purin-7-ium 2,6-dihydroxybenzoate (caf-26dhba-1-1b)

Crystal data
CsHN4O,"-C7H;504~ D,=1.560 Mg m
M, =348.32 Melting point: 183 K

Monoclinic, P2,/n
a=14.8560 (3) A
b=6.95591 (11) A
c=15.8927 (3) A
£=115.413 (3)°
V=1483.39 (6) A®
Z=4

F(000) = 728

Data collection

Rigaku OD SuperNova Single source
diffractometer with an Atlas detector

Radiation source: micro-focus sealed X-ray
tube, SuperNova (Cu) X-ray Source

Cu Ka radiation, 2 = 1.54184 A

Cell parameters from 6420 reflections
6=3.1-75.9°

u=1.05mm™"’

T=131K

Block, clear light colourless
0.3x0.17%0.12 mm

Tin = 0.773, Typax = 1.000
11899 measured reflections
3076 independent reflections
2815 reflections with 7> 2a(])

Mirror monochromator R, =0.025
Detector resolution: 10.5357 pixels mm'! Omax = 76.4°, Oin = 3.4°
@ scans h=-18—18
Absorption correction: multi-scan k=-8-8

(CrysAlis PRO; Rigaku OD, 2019) [=-19—19

Refinement

Refinement on F*
Least-squares matrix: full

RIF?> 20(F)] = 0.034

290 parameters
1 restraint
Primary atom site location: dual

WR(F?) = 0.096 Hydrogen site location: difference Fourier map
§=1.05 All H-atom parameters refined
3076 reflections
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w = 1/[A(F:2) + (0.0539P): + 0.4452P) Apun =028 ¢ A
where P = (F,2 +2F2)/3 Apuin=—0.18 ¢ A7

(A/G)max < 0.001

Special details

Geometry. All esds (except the esd in the dihedral angle between two Ls. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate
(isotropic) treatment of cell esds is used for estimating esds involving L.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A°)

X y z Usso®/Usq
06 0.87775 (7) 0.94531 (14) 0.71150 (6) 0.0295 (2)
05 0.80375 (7) 1.01841 (13) 040182 (6) 0.0266 (2)
N2 0.72024 (8) 0.86953 (15) 0.60787 (7) 0.0224 (2)
N4 0.55934 (7) 0.79191 (15) 0.48111 (7) 0.0232 (2)
H4 0.5168 (15) 0.752 (3) 0.5118 (15) 0.064 (6)*
N1 0.83843 (7) 0.98771 (15) 0.55706 (7) 0.0228 (2)
N3 0.59383 (8) 0.86753 (15) 036370 (7) 0.0228 (2)
9 0.81589 (9) 0.93483 (17) 0.63069 (8) 0.0231 (3)
cll 0.67820 (9) 0.90751 (17) 0.44496 (8) 0.0216 (2)
c12 0.52493 (9) 079891 (18) 038801 (9) 0.0247 (3)
HI2 0.4601 (12) 0.758 (2) 0.3432 (11) 0.027 (4)*
C10 0.65472 (9) 0.85802 (17) 0.51619 (8) 0.0214 (2)
cs8 0.77546 (9) 0.97551 (17) 0.46063 (8) 0.0217 (2)
C15 0.94090 (9) 1.0539 (2) 0.58291 (9) 0.0281 (3)
HISA 0.9644 (16) 1.126 3) 0.6409 (16) 0.056 (6)*
HI5B 0.9400 (16) 1.136 (3) 0.5311 (15) 0.052 (6)*
HI5C 0.9864 (18) 0.947 (3) 05919 (16) 0.064 (7)*
C13 0.69146 (10) 0.8075 (2) 0.68087 (9) 0.0281 (3)
HI3A 07503 (14) 0.808 (3) 0.7393 (13) 0.037 (5)*
HI3B 0.6421 (16) 0.902 (3) 0.6872 (15) 0.054 (6)*
HI3C 0.6599 (16) 0.680 (3) 0.6668 (14) 0.050 (5)*
Cl4 0.58116 (10) 0.8956 (2) 0.26772 (9) 0.0282 (3)
H14A 0.6294 (14) 0.818 (3) 0.2556 (13) 0.044 (5)*
H14B 0.5940 (16) 1.030 (3) 0.2598 (14) 0.049 (5)*
H14C 0.5130 (16) 0.864 (3) 0.2249 (15) 0.050 (5)*
04 0.16405 (7) 053913 (15) 037731 (6) 0.0297 (2)
H4A 0.2180 (16) 0.593 (3) 03738 (14) 0.047 (5)*
02 0.45129 (6) 0.69157 (14) 056176 (6) 0.0275 (2)
o1 033645 (7) 0.67306 (15) 0.41487 (6) 0.0298 (2)
03 0.40547 (7) 0.61533 (16) 0.69704 (6) 0.0311 (2)
H3 0.4443 (17) 0.645 (3) 0.6650 (16) 0.061 (6)*
c1 0.28984 (9) 058156 (17) 0.53489 (8) 0.0221 (2)
Cé 0.19273 (9) 0.52601 (18) 0.47030 (9) 0.0237 (3)
c2 031443 (9) 0.56542 (18) 0.63089 (9) 0.0236 (3)
cs 0.12501 (9) 0.45492 (19) 0.50127 (9) 0.0268 (3)
H5 0.0609 (13) 0417 (2) 0.4566 (12) 0.029 (4)*
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C3 0.24597 (10) 0.49508 (19) 0.66139 (9) 0.0271 (3)
H3A 0.2650 (14) 0.486 (3) 0.7277 (13) 0.036 (5)*
Cc7 0.36193 (9) 0.65282 (18) 0.50043 (9) 0.0233 (3)
C4 0.15242 (10) 0.43917 (19) 0.59610 (10) 0.0281 (3)
H4B 0.1039 (13) 0.389 (2) 0.6177 (12) 0.033 (4)*
Atomic displacement parameters (A42)

U!I U_’E UH UIZ Ui} UJ}
06 0.0235 (4) 0.0408 (5) 0.0193 (4) —0.0023 (4) 0.0045 (4) 0.0005 (4)
05 0.0259 (4) 0.0328 (5) 0.0220 (4) —0.0026 (4) 0.0112 (4) 0.0004 (3)
N2 0.0208 (5) 0.0277 (5) 0.0169 (5) —0.0002 (4) 0.0065 (4) 0.0007 (4)
N4 0.0194 (5) 0.0273 (5) 0.0212 (5) —0.0009 (4) 0.0072 (4) 0.0003 (4)
N1 0.0191 (5) 0.0276 (5) 0.0198 (5) —0.0008 (4) 0.0065 (4) —0.0002 (4)
N3 0.0202 (5) 0.0278 (5) 0.0178 (5) —0.0002 (4) 0.0058 (4) —0.0003 (4)
c9 0.0217 (6) 0.0245 (6) 0.0211 (6) 0.0018 (4) 0.0073 (5) —0.0001 (4)
C11 0.0204 (6) 0.0240 (6) 0.0179 (5) 0.0009 (4) 0.0058 (4) 0.0002 (4)
C12 0.0202 (6) 0.0288 (6) 0.0225 (6) —0.0006 (5) 0.0066 (5) —0.0006 (5)
C10 0.0193 (5) 0.0232 (5) 0.0196 (6) 0.0011 (4) 0.0065 (4) 0.0000 (4)
C8 0.0212 (6) 0.0225 (5) 0.0198 (6) 0.0009 (4) 0.0073 (5) 0.0000 (4)
C15 0.0191 (6) 0.0375 (7) 0.0260 (6) —0.0036 (5) 0.0081 (5) —0.0008 (5)
C13 0.0253 (6) 0.0385 (7) 0.0203 (6) —0.0020 (5) 0.0096 (5) 0.0017 (5)
C14 0.0266 (6) 0.0381 (7) 0.0177 (6) —0.0017 (5) 0.0074 (5) 0.0012 (5)
04 0.0249 (5) 0.0404 (5) 0.0206 (4) —0.0012 (4) 0.0066 (4) —0.0021 (4)
02 0.0209 (4) 0.0368 (5) 0.0238 (4) —0.0024 (4) 0.0088 (3) 0.0004 (4)
01 0.0284 (5) 0.0407 (5) 0.0208 (4) —0.0019 (4) 0.0109 (4) 0.0012 (4)
03 0.0223 (4) 0.0476 (6) 0.0204 (4) —0.0025 (4) 0.0064 (4) —0.0009 (4)
C1 0.0204 (6) 0.0239 (6) 0.0215 (6) 0.0017 (4) 0.0084 (5) 0.0003 (4)
C6 0.0218 (6) 0.0247 (6) 0.0227 (6) 0.0029 (5) 0.0078 (5) —0.0016 (5)
Cc2 0.0207 (6) 0.0267 (6) 0.0218 (6) 0.0031 (4) 0.0076 (5) 0.0002 (4)
Cs 0.0205 (6) 0.0298 (6) 0.0286 (6) —0.0002 (5) 0.0091 (5) —0.0032 (5)
C3 0.0274 (6) 0.0320 (6) 0.0241 (6) 0.0033 (5) 0.0131 (5) 0.0020 (5)
Cc7 0.0230 (6) 0.0243 (6) 0.0226 (6) 0.0016 (4) 0.0097 (5) —0.0004 (4)
Cc4 0.0256 (6) 0.0303 (6) 0.0321 (7) 0.0013 (5) 0.0160 (5) 0.0009 (5)
Geometric parameters (A, ‘)
06—C9 1.2191 (16) C13—HI13B 1.02 (2)
05—C8 1.2151 (16) C13—H13C 0.98 (2)
N2—C9 1.3838 (16) Cl4—HI14A 0.98 (2)
N2—C10 1.3636 (16) Cl14—H14B 0.97 (2)
N2—C13 1.4631 (16) Cl4—H14C 0.97 (2)
N4—H4 0.989 (15) 04—H4A 091 (2)
N4—C12 1.3431 (16) 04—Co 1.3541 (16)
N4—C10 1.3608 (16) 02—C7 1.2940 (15)
N1—C9 1.3976 (16) 01—C7 1.2530 (16)
NI1—C8 1.4144 (15) 0O3—H3 0.94 (2)
N1—C15 1.4700 (16) 03—C2 1.3545 (15)
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N3—C11
N3—C12
N3—C14
C11—C10
Cl11—C8
Cl12—HI12
CI15—HI5A
C15—HI15B
C15—HI15C
CI3—HI3A

C9—N2—C13
C10—N2—C9
Cl10—N2—CI13
C12—N4—H4
Cl12—N4—C10
C10—N4—H4
C9—N1—C8
C9—N1—C15
C8—N1—C15
C11—N3—C14
CI12—N3—Cl11
Cl12—N3—Cl14
06—C9—N2
06—C9—N1
N2—C9—NI1
N3—C11—C8
C10—C11—N3
C10—C11—C8
N4—C12—H12
N3—C12—N4
N3—C12—H12
N2—C10—Cl11
N4—C10—N2
N4—C10—Cl11
05—C8—NI1
05—C8—C11
N1—C8—C11
NI1—CI15—HI5A
N1—C15—HI15B
N1—C15—HI15C
H15A—C15—HI15B
H15A—C15—HI15C
H15B—C15—H15C
N2—C13—HI3A

N3—C11—C10—N2
N3—C11—C10—N4

1.3882 (15)
1.3282 (16)
1.4677 (15)
1.3641 (17)
1.4369 (17)
0.963 (16)
0.97(2)
1.00 (2)
0.97(2)
0.964 (19)

120.37 (10)
118.77 (10)
120.82 (10)
122.1 (13)

106.04 (10)
131.8 (13)

127.35 (10)
116.09 (10)
116.47 (10)
127.02 (10)
107.59 (10)
125.38 (11)
121.39 (12)
121.55 (11)
117.06 (10)
131.80 (11)
105.73 (10)
122.38 (11)
126.2 (9)

110.91 (11)
122.8 (9)

123.53 (11)
126.72 (11)
109.72 (11)
122.17 (11)
126.98 (11)
110.85 (10)
109.6 (13)
107.6 (12)
111.9 (14)

111.0 (17)

108.1 (19)
108.7 (18)
108.1 (11)

177.45 (11)
~0.66 (14)

Cl1—Cé6
Cl—C2
C1—C7
C6—C5
C2—C3
C5—HS5
C5—C4
C3—H3A
C3—C4
C4—H4B

N2—C13—HI13B
N2—C13—HI13C
H13A—CI13—HI13B
HI3A—C13—HI13C
H13B—C13—HI13C
N3—Cl4—HI4A
N3—C14—HI14B
N3—Cl14—H14C
H14A—C14—H14B
H14A—Cl14—H14C
H14B—C14—H14C
C6—04—H4A
C2—03—H3
C6—C1—C7
C2—C1—Co
c2—Cl1—C7
04—C6—C1
04—C6—C5
C5—C6—Cl1
03—C2—C1
03—C2—C3
C3—C2—Cl1
C6—C5—HS
C4—C5—Co6
C4—C5—HS5
C2—C3—H3A
C4—C3—C2
C4—C3—H3A
02—C7—C1
01—C7—02
01—C7—C1
C5—C4—H4B
C3—C4—C5
C3—C4—H4B

CI13—N2—C9—06
CI3—N2—C9—N1

1.4189 (17)
1.4125 (17)
1.4821 (17)
1.3870 (18)
1.3900 (18)
0.949 (18)
1.3865 (19)
0.970 (19)
1.3862 (19)
0.985 (18)

110.8 (12)
111.1 (12)
107.1 (16)
111.6 (16)
108.1 (17)
110.6 (11)
108.5 (12)
109.2 (12)
107.8 (17)
111.6 (16)
109.1 (17)
102.8 (13)
106.0 (14)
119.69 (11)
118.11 (11)
122.19 (11)
121.15 (11)
118.35 (11)
120.49 (12)
121.83 (11)
117.11 (11)
121.05 (12)
118.8 (10)
119.64 (12)
121.6 (10)
119.1 (11)
119.10 (12)
121.8 (11)
117.50 (11)
121.91 (11)
120.59 (11)
119.3 (10)
121.59 (12)
119.1 (10)

~1.19 (19)
178.67 (11)
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N3—C11—C8—-05 2.1(2) C13—N2—C10—N4 0.05 (19)
N3—C11—C8—NI1 —177.84 (12) C13—N2—C10—Cl1 -177.73 (12)
C9—N2—C10—N4 177.81 (11) Cl14—N3—C11—C10 —179.96 (12)
C9—N2—C10—Cl11 0.03 (18) Cl14—N3—CI11—C8 —3.4(2)
C9—N1—C8—05 -176.99 (12) Cl4—N3—C12—N4 —179.58 (11)
C9—N1—C8—CI1 2.91(17) 04—C6—C5—C4 179.76 (12)
Cl11—N3—Cl12—N4 0.14 (14) 03—C2—C3—C4 —178.92 (12)
C12—N4—C10—N2 -177.29 (12) Cl—C6—C5—C4 0.36 (19)
C12—N4—C10—Cl11 0.75(14) Cl—C2—C3—C4 0.36 (19)
CI12—N3—C11—C10 0.32 (14) C6—C1—C2—03 179.98 (11)
CI2—N3—C11—C8 176.88 (13) C6—C1—C2—C3 0.73 (18)
C10—N2—C9—06 —178.96 (12) C6—C1—C7—02 —176.21 (11)
C10—N2—C9—NI1 0.89 (17) C6—C1—C7—O0l1 3.39(18)
C10—N4—C12—N3 -0.55 (14) C6—C5—C4—C3 0.8(2)
C10—C11—C8—05 178.14 (12) C2—Cl1—C6—04 179.52 (11)
C10—C11—C8—N1 —1.76 (17) C2—C1—C6—C5 —1.10 (18)
C8—N1—C9—06 177.25 (12) C2—C1—C7—02 3.42 (18)
C8—NI1—C9—N2 —2.60 (18) C2—C1—C7—0l1 —176.98 (12)
C8—C11—C10—N2 0.49 (19) C2—C3—C4—C5 -1.1(2)
C8—C11—C10—N4 -177.62 (11) C7—C1—C6—04 —0.84 (18)
C15—N1—C9—06 0.73 (18) C7—C1—C6—C5 178.55 (11)
CI5—NI1—C9—N2 —179.12 (11) C7—C1—C2—03 0.35(19)
CI5—N1—C8—05 —0.48 (18) C7—C1—C2—C3 —178.90 (12)
CI5—N1—C8—C11 179.42 (11)

Hydrogen-bond geometry (4, °)

D—H4 D—H H-4 D4 D—H-4
N4—H4--02 0.99 (2) 1.56 (2) 2.5441 (14) 179 (2)
04—H44--01 0.91 (2) 1.69 (2) 2.5440 (13) 156.1 (19)
03—H3--02 0.94 (2) 1.72 (2) 2.5737 (13) 149 (2)

3,7-Dimethyl-2,6-dioxo-2,3,6,9-tetrahydro-1H-purin-7-ium 2,6-dihydroxybenzoate (tbr-26dhba-lag-cryst)

Crystal data
C;HgN,O,"C,H504~
M, =334.29
Monoclinic, P2,/c¢
a=6.9579 (3) A
b=16.5845 (6) A
c=124718 (5 A
S =95.691 (4)°
V'=1432.06 (10) A3
Z=4

F(000) = 696

Dy=1.551 Mgm™
Melting point: 202 K

Cu Ko radiation, A = 1.54184 A
Cell parameters from 5599 reflections

6=2.7-75.3°
4 =1.06 mm™'
T'=132K

Plate, clear light colourless

0.34 % 0.24 x 0.08 mm
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Data collection

Rigaku OD SuperNova Single source
diffractometer with an Atlas detector

Radiation source: micro-focus sealed X-ray
tube, SuperNova (Cu) X-ray Source

Mirror monochromator

Detector resolution: 10.5357 pixels mm'!

@ scans

Absorption correction: multi-scan
(CrysAlis PRO; Rigaku OD, 2019)

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F?)] = 0.055
wR(F?)=0.147

S=1.11

2970 reflections

273 parameters

2 restraints

Special details

Tinin = 0.649, Thnax = 1.000
12055 measured reflection
2970 independent reflectio

S
ns

2782 reflections with /> 24([)

Rin = 0.023

Omax = 76.5°, Oin = 4.5°
h=-8-8
k=-20-20
[=-15—15

Primary atom site location: dual

Hydrogen site location: difference Fourier map

All H-atom parameters refined

w = 1[(F) + (0.0629P)* + 1.3861P]

where P = (F,> +2F2)/3
(A/0)max < 0.001
Apmax=0.51 ¢ A
Apmin=—024 ¢ A

Geometry. All esds (except the esd in the dihedral angle between two Ls. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate

(isotropic) treatment of cell esds is used for estimating esds involving L.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42

X y z Uio*/Ueq
05 0.3845 (2) 0.28563 (9) 0.10648 (12) 0.0343 (4)
06 0.4508 (2) 0.55891 (9) 0.10181 (12) 0.0315 (4)
o1 0.1578 (2) 0.43520 (9) 0.65282 (13) 0.0352 (4)
02 0.2341 (2) 0.53812 (9) 0.55146 (12) 0.0327 (4)
04 0.0791 (3) 0.45956 (11) 0.84553 (13) 0.0393 (4)
03 0.2082 (3) 0.68358 (10) 0.61672 (14) 0.0394 (4)
N4 0.2886 (2) 0.42798 (11) 0.41420 (14) 0.0255 (4)
N1 0.4179 (3) 0.42264 (11) 0.10880 (14) 0.0265 (4)
N2 0.3665 (2) 0.50484 (10) 0.25777 (13) 0.0260 (4)
N3 0.3021 (3) 0.30658 (10) 0.34625 (14) 0.0289 (4)
clo 0.3345 (3) 0.43505 (12) 0.31106 (16) 0.0246 (4)
Cl11 0.3441 (3) 0.36048 (12) 0.26700 (16) 0.0260 (4)
c9 0.4144 (3) 0.49925 (13) 0.15252 (16) 0.0258 (4)
C8 0.3822 (3) 0.34889 (13) 0.15611 (16) 0.0261 (4)
cl 0.1489 (3) 0.56751 (13) 0.72638 (16) 0.0264 (4)
Cc7 0.1804 (3) 0.50870 (13) 0.64013 (16) 0.0267 (4)
c12 0.2705 (3) 0.34930 (13) 0.43346 (17) 0.0289 (4)
C2 0.1672 (3) 0.65122 (14) 0.71212 (18) 0.0310 (5)
C6 0.1026 (3) 0.53936 (14) 0.82804 (17) 0.0301 (5)
C13 0.3495 (4) 0.58438 (14) 0.30785 (19) 0.0336 (5)
C3 0.1432 (4) 0.70363 (15) 0.7959 (2) 0.0400 (6)
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supporting information

Cs 0.0812 (3) 0.59200 (16) 0.91215 (19) 0.0368 (5)
Cl4 0.3021 (5) 0.21876 (14) 0.3388 (2) 0.0448 (6)
c4 0.1032 (4) 0.67333 (17) 0.8954 (2) 0.0425 (6)
H4B 0.077 (3) 0.7075 (14) 0.9512 (19) 0.022 (5)*
H1 0.454 (4) 04211 (16) 0.046 (2) 0.034 (7)*
H3 0.224 (5) 0.6347 (12) 0.575 (2) 0.057 (9)*
H3A 0.151 (4) 0.757 (2) 0.777 (2) 0.049 (8)*
H5 0.053 (4) 0.5737 (17) 0.980 (2) 0.040 (7)*
HI4A 0.251 (5) 0.2049 (19) 0.262 (3) 0.056 (9)*
HI3A 0.329 (4) 0.623 (2) 0.251 (3) 0.054 (9)*
HI13B 0.232(5) 0.5860 (19) 0.344 (3) 0.057 (9)*
H14B 0.225 (5) 0.198 (2) 0.398 (3) 0.064 (10)*
H4A 0.107 (5) 0.434 (2) 0.776 (3) 0.074 (11)*
H13C 0.457 (5) 0.595 (2) 0.356 (3) 0.061 (10)*
H4 0.273 (5) 0473 (2) 0.459 (3) 0.081 (12)*
H14C 0.429 (6) 0.203 (2) 0.347 (3) 0.083 (13)*
HI2 0.236 (4) 0.3280 (16) 0.5011 (13) 0.042 (7)*

Atomie displacement parameters (4°)

Ull UEZ (JJJ Ull UIJ (}Z!
05 0.0441 (9) 0.0314 (8) 0.0282 (8) ~0.0026 (7) 0.0069 (6) ~0.0048 (6)
06 0.0389 (8) 0.0325 (8) 0.0241 (7) ~0.0070 (6) 0.0073 (6) 0.0025 (6)
o1 0.0443 (9) 0.0289 (8) 0.0333 (8) 0.0019 (6) 0.0087 (7) -0.0001 (6)
02 0.0429 (9) 0.0325 (8) 0.0238 (7) ~0.0004 (6) 0.0095 (6) ~0.0014 (6)
04 0.0461 (9) 0.0401 (9) 0.0335 (9) 0.0068 (7) 0.0136 (7) 0.0100 (7)
03 0.0526 (10) 0.0293 (8) 0.0379 (9) ~0.0032 (7) 0.0133 (7) 0.0044 (7)
N4 0.0262 (8) 0.0295 (9) 0.0213 (8) 0.0000 (7) 0.0043 (6) 0.0003 (7)
N1 0.0284 (8) 0.0324 (9) 0.0192 (8) ~0.0043 (7) 0.0053 (6) ~0.0010 (7)
N2 0.0295 (8) 0.0266 (9) 0.0225 (8) -0.0026 (7) 0.0051 (6) 0.0007 (6)
N3 0.0384 (10) 0.0250 (9) 0.0234 (8) 0.0010 (7) 0.0034 (7) 0.0003 (7)
Cl10 0.0203 (9) 0.0307 (10) 0.0227 (9) 0.0005 (7) 0.0022 (7) 0.0007 (7)
cll 0.0259 (9) 0.0296 (10) 0.0225 (10) ~0.0007 (8) 0.0028 (7) 0.0050 (8)
9 0.0229 (9) 0.0318 (10) 0.0226 (9) ~0.0033 (7) 0.0009 (7) ~0.0001 (8)
cs8 0.0254 (9) 0.0298 (10) 0.0229 (9) ~0.0017 (8) 0.0018 (7) ~0.0020 (8)
cl 0.0208 (9) 0.0329 (11) 0.0253 (10) 0.0005 (7) 0.0009 (7) -0.0005 (8)
c7 0.0228 (9) 0.0325 (10) 0.0249 (10) 0.0014 (8) 0.0026 (7) ~0.0037 (8)
c12 0.0334 (11) 0.0317 (10) 0.0219 (10) 0.0010 (8) 0.0044 (8) 0.0014 (8)
2 0.0279 (10) 0.0338 (11) 0.0316 (11) ~0.0023 (8) 0.0037 (8) ~0.0011 (9)
C6 0.0226 (9) 0.0413 (12) 0.0264 (10) 0.0040 (8) 0.0031 (7) 0.0036 (9)
c13 0.0415 (13) 0.0282 (11) 0.0324 (11) 0.0005 (9) 0.0110 (10) ~0.0020 (9)
3 0.0395 (13) 0.0297 (12) 0.0520 (15) -0.0028 (9) 0.0094 (11) -0.0071 (10)
Cs 0.0283 (11) 0.0547 (15) 0.0274 (11) 0.0026 (10) 0.0030 (8) 0.0006 (10)
Cl4 0.077 (2) 0.0237 (11) 0.0345 (13) 0.0023 (12) 0.0092 (13) ~0.0007 (9)
c4 0.0363 (12) 0.0553 (15) 0.0363 (12) ~0.0009 (11) 0.0056 (10) ~0.0185 (12)
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Geometric parameters (4, °)

05—C8
06—C9
o1—C7
02—C7
04—C6
04—H4A
03—C2
0O3—H3
N4—C10
N4—C12
N4—H4
N1—C9
N1—C8
N1—HI
N2—C10
N2—C9
N2—C13
N3—Cl11
N3—C12
N3—C14
C6—04—H4A
C2—03—H3
C10—N4—H4
C12—N4—C10
C12—N4—H4
C9—N1—C8
C9—NI1—HI1
C8—NI1—HI1
C10—N2—C9
C10—N2—CI13
C9—N2—C13
C11—N3—Cl14
C12—N3—Cl11
Cl12—N3—Cl14
N4—C10—N2
C11—C10—N4
C11—C10—N2
N3—C11—C8
C10—CI11—N3
C10—C11—C8
06—C9—N1
06—C9—N2
N1—C9—N2
0O5—C8—NI1
05—C8—Cl1

1219 (3)
1215 (3)
1.241 (3)
1.297 (3)
1.354 (3)
1.00 (4)
1.361 (3)
0.975 (10)
1.361 (3)
1335(3)
0.94 (4)
1.384 (3)
1.391 (3)
0.85(3)
1.364 (3)
1.389 (3)
1.469 (3)
1385 (3)
1.334 (3)
1.460 (3)

104 (2)
101 2)
123 (2)
106.82 (17)
131 (2)
128.99 (17)
1143 (18)
116.6 (18)
118.03 (17)
122.05 (17)
119.91 (17)
126.65 (19)
107.60 (17)
125.67 (19)
126.78 (19)
109.25 (18)
123.97 (18)
131.92 (19)
106.06 (17)
121.94 (18)
122.00 (18)
121.32 (19)
116.69 (17)
121.97 (19)
127.8 (2)

C10—C11
Cl1—C8
C1—C7
Cl—C2
Cl—Cé6
CI2—H12
C2—C3
C6—C5
CI3—HI3A
CI3—HI13B
CI3—HI13C
C3—C4
C3—H3A
C5—C4
C5—H5
Cl4—H14A
Cl4—H14B
Cl4—H14C
C4—H4B

02—C7—C1
N4—Cl12—HI12
N3—CI12—N4
N3—Cl12—HI12
03—C2—C1
03—C2—C3
C3—C2—ClI
04—C6—C1
04—C6—C5
C5—C6—Cl1
N2—CI13—HI3A
N2—C13—HI13B
N2—CI13—HI3C
H13A—CI13—HI13B
H13A—CI13—HI13C
H13B—C13—H13C
C2—C3—C4
C2—C3—H3A
C4—C3—H3A
C6—C5—HS
C4—C5—Co6
C4—C5—HS5
N3—Cl4—HI4A
N3—Cl14—HI14B
N3—Cl4—H14C

1.358 (3)
1.447 (3)
1.484 (3)
1.407 (3)
1.418 (3)
0.966 (10)
1.382 (3)
1.384 (3)
0.95(3)
0.97 (3)
0.93 (4)
1.391 (4)
0.92 (3)
1.376 (4)
0.94 (3)
1.02 (3)
1.01 (4)
0.92 (4)
0.93(2)

116.52 (18)
1234 (17)
110.26 (18)
1263 (17)
121.9 (2)
117.7 (2)
120.4 (2)
120.51 (19)
118.1(2)
1214 (2)
106.9 (19)
109.3 (19)
111 2)

105 (3)
114 3)

111 (3)
119.8 (2)
113 (2)
127 (2)
121.8 (17)
118.8 (2)
119.4 (17)
106.5 (18)
107 2)
106 (3)
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Suplement “ Salts of purine alkaloids caffeine and theobromine with 2,6-dihydroxybenzoic acid as
coformer: structural, theoretical, thermal and spectroscopic studies”

Additional information about salts formation.

After cogrinding TBR and 26DHBA with a drop of water, the obtained purple powder was dissolved in a
CH30H:H20 mixture. The solution, after mixing and heating, was left to evaporate for about 3 weeks in a flask.
After evaporation, plate-like crystals of (TBR-H)*-(26DHBA) were formed and one of them was subjected to X-
ray measurements. This compound was also obtained by slow evaporation from tBuOH:H;0 solution. In turn the
crystals of (CAF-H)*-(26DHBA)" were also obtained by slow evaporation from methanol-chloroform solution. The
use of water was not conducive to the good-quality crystals formation.

Elemental analysis results.

(TBR-H)"(26DHBA): calculated %C: 50.3, %H: 4.22, %N: 16.76; found: %C: 48.94, %H: 3.959, %N: 16.05.
(CAF-H)*(26DHBA): calculated %C: 51.72, %H: 4.63, %N: 16.09; found: %C: 51.20, %H: 5.104, %N: 16.47.
Microwave-assisted slurry cocrystallization conditions

Tab. S1. Microwave-assisted slurry cocrystallization conditions for TBR:26DHBA.

Solvent used Volume of solvent used TBR 26DHBA

H20 300 pl 46.0 mg (0.256 mmol) 39.4 mg (0.256 mmol)
CHsOH 400 pl 45.8 mg (0.254 mmol) 39.2 mg (0.254 mmol)
CHsCN 300 pl 45.4 mg (0.252 mmol) 39.0 mg (0.253 mmol)
AcOEt 400 pl 45.1 mg (0.250 mmol) 38.7 mg (0.251 mmol)

Tab. S2. Microwave-assisted slurry cocrystallization conditions for CAF-26D

HBA.

Solvent used Volume of solvent used

CAF

26DHBA

H20 200 pl 13.8 mg (0.071 mmol) 11.0 mg (0.071 mmol)
CH30H 200 pl 13.4 mg (0.069 mmol) 10.6 mg (0.069 mmol)
CH3CN 200 pl 13.4 mg (0.069 mmol) 10.6 mg (0.069 mmol)
AcOEt 200 pl 14.1 mg (0.073 mmol) 11.1 mg (0.072 mmol)

UV-vis measurements

A=274nm

+ TBR-26dhba

0,20

0,154

Absorbance [-]

0,10 H

0,05

0,00

T
0,000 0.005

Fig. S1. Calibration curves for (TBR-H)*:(26DHBA) and (CAF-H)*:(26DHBA)". Detection wavelength (Adet) for both

compounds are equal to 274 nm.

T T
0,010 0,015
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CSD base analysis

Tab. $3. CSD analysis for the formation of intra- and intermolecular bonds by the 2,6-dihydroxybenzoate anion
in its salts (search conditions: 3D coordinations determined, structure with R < 0.1, no errors, only single crystal
structures; ConQuest Version 2020.3.0). 44 deposits were found and analyzed.

REFCOD Information on the Number of intermolecular hydrogen bonds formed by ortho-
intramolecular hydrogen hydroxyl groups
bond motif

CAJTEP 251(6) 1 — carboxyl group donor

CENRUL 251(6)

CYTRES10 251(6)

DOGDAH 251(6)

DUNSEM 251(6)

DUNSIQ, 251(6)

ETAZI) 251(6) In one anion molecule in asymmetric unit each hydroxyl group
accept proton from one -NH, group (2 intramolecular hydrogen
bonds). In second anion 3 intermolecular hydrogen bonds were
formed and -NH, group are also donors for hydroxyl groups.

EZEGUN 251(6) 1 — primary amine group donor (-NH,)

EZIDEX 251(6)

FABJOK 251(6) 1 —secondary amine group donor

HOWLIR 251(6) 1—water donor

HUZDOV 251(6)%

JIQFUN 251(6) 2 — each hydroxyl group accept proton from one NHJ cation

JIWHUV 251(6)°

KEZHAZ 251(6)

KEZHED 251(6)

LAGTEV 251(6)? 1 — primary amine group donor (-NH,)?

LAGTOF 251(6) 2 — each hydroxyl group accept proton from one -NH, group

LAGTOF01

LAGTOF02

LEWPOS 251(6) 1 — primary amine group donor (-NH,)

LEWRUA 251(6) 1 — primary amine group donor (-NH,)

LEZJIH 251(6)

LOLDAS 251(6) 1 —secondary amine group donor

LOLDEW 251(6) 1 - water donor

LUTNUM 251(6) 1— primary amine group donor (-NH,)

NAKZEH 251(6) 1- NHj cation as a donor

NAKZEHO01

NIJFAP 251(6) 1-secondary amine group donor

NIJFAPO1

NOWKAO 251(6)

QIRGUT 251(6)

REZHAG 251(6)

RIBLUJ 251(6)?

SERREP 251(6) 1 - protonated primary ketimine (=NHJ group) as a donor

TILYOF 251(6)? 1 — protonated secondary ketimine as a donor

WINSAQ one molecule - 257 (6)

second molecule - §1(6)"

WINSOE si(6)

WINWAU 251(6)

WOCHED 251(6)

WOCHEDO1

XABMAR 251(6) 1 — protonated primary ketimine (=NHJ group) as a donor

YUQCEV 251(6)
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XOGDOO 251(6)? 1 — hydroxyl group forms intermolecular hydrogen bond and it
donates proton for oxygen atom in hydroxyl group of neighboring
2,6-dihydroxybenzoic acid molecule?

a) this motif is found in each 2,6-dihydroxybenzoate anion present in the asymmetric unit; b) two independent
2,6-dihydroxybenzoate anions in asymmetric unit.

Tab. S4. CSD analysis for the formation of intra- and intermolecular bonds by the 2,6-dihydroxybenzoic acid in
its cocrystals (search conditions: 3D coordinations determined, structure with R < 0.1, no errors, only single
crystal structures; ConQuest version 2020.3.0). 10 deposits were found and analyzed.

REFCOD Information on the intramolecular hydrogen Comments about intermolecular hydrogen
bond motif and carboxyl group conformation bonds formed by ortho-hydroxyl groups
DEXTOQ 251(6), syn-COOH
GEQXEH 251(6), syn-COOH
GEQXEHO1
HUZDOV 251(6), anti-COOH?
KEZHED 251(6), syn-COOH
NEFGEN 251(6), syn-COOH In NEFGEN hydrogen atom of one hydroxyl
NEFGENO1 group is also donor for nitrogen atom in

pyrazine ring (valence angle 124.37°). In
NEFGENO1 this angle is equal to 119.26°.

QIRGUT 251(6), syn-COOH
QUGNUE 251(6), syn-COOH
XOGDOQ" 251(6), syn-COOH? In two of the 4 acid molecules present in the

asymmetric unit, the oxygen atom from one
hydroxyl group accepts a proton from other
hydroxyl group.

a) this motif and carboxyl group conformation is found in each 2,6-dihydroxybenzoic acid molecule present in
the asymmetric unit; b) analysis based on the drawing of the structure in L. Wang et al. publication; the deposited
structure does not contain anion molecule, the deposited structure does not contain anion molecule, which is
not in accordance with the structure description in the above work.

Tab. S5. CSD analysis of crystal structure of pure 2,6-dihydroxybenzoic acid and its monohydrate.

REFCOD Information on the intramolecular hydrogen Additional notes
bond motif and carboxyl group conformation
LEZJAB 251(6), anti-COOH orthorhombic polymorph
LEZJABO1 251(6), syn-COOH monoclinic polymorph
LEZJEF 2511(6), anti-COOH monohydrate, structure is disordered

Geometry of imidazole rings

Tab. S6. The comparison of selected valence angles in the imidazole ring for theobromine systems with
hydroxybenzoic acid derivatives.

TBR system REFCOD al?] Bl vl
TBR-2HBA RUTHEVO1 104.11 112.95 106.36
TBR-3HBA POQHEL 104.14 113.02 106.11
TBR-2(4HBA)-H.0 POQHIP 103.59 113.37 106.43

103.67 113.39 106.24
TBR:23HBA'H20 HOWKUC 103.92 113.10 106.43
TBR-24HBA HOWLAJ 104.22 112.65 106.62
TBR:25HBA HOWLEN 104.05 113.04 106.33
TBR:26HBA-H.0 HOWLIR 106.43 110.69 107.65
TBR-26HBA this paper 106.85 110.22 107.63
TBR:34HBA HOWLOX 104.09 113.24 106.04
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TBR-35HBA HOWLUD 104.06 113.22 106.14
104.01 113.15 106.15
TBR:345HBA-H20 MUPPET 102.74 114.36 105.28
Tab. S7. The comparison of selected valence angles in the imidazole ring for caffeine systems with
hydroxybenzoic acid derivatives.
CAF system REFCOD al’] B[] vl
CAF-2HBA XOBCAT 104.02 112.85 106.64
XOBCATO1 104.09 112.89 106.59
CAF-3HBA Mozcou 103.47 113.27 106.26
CAF-2(4HBA) MOZDAH 103.39 113.49 106.36
2CAF-4HBA MOZCUA 103.41 113.55 105.99
CAF-4HBA-H.0 LATBIT 103.28 113.61 105.75
CAF-23HBA-H;0 MOZDEL 103.22 113.19 104.14
CAF-24HBAH>0 Mozclo 103.78 113.11 105.94
CAF-25HBA MOZDIP 103.61 113.09 106.17
CAF-26HBA this paper 106.04 110.91 107.59
CAF-35HBA:H20 MOZCEK 103.77 113.10 106.14
2CAF-2(345HBA)-H.0 MUPNOB 103.48 113.12 106.29
3CAF-345HBA-6H.0 ZICGIE 103.07 113.97 106.06

Stacking geometry

Tab. S8. Stacking interactions geometry in described salts.

Compound ArM  ArN ArM-ArN®  Dihedral angle® Interplanar Offset @ [A]
[A] ] distance ¢ [A]

(1), (TBR-H)"-(26DHBA) _ Arl _ Ar3"  3.602(1) 1.149(1) 3312(1) 1.417(1)
A2 A3l 3.479(1) 1.892(1) 3.285(1) 1.147(1)
Arl A3t 3.567(1) 1.149(1) 3.314(1) 1.317(1)

Symmetry codes: (i) 1-x, 1-y, 1-z, (iii) x, 1-y, 1-z

(), (CAF-H)"(26DHBA) Arl  Ar3'  3.549(1) 2.19(4) 3.238(1) 1.455(1)

A2 A3 3.639(1) 0.12(5) 3.288(1) 1.560(1)

Symmetry codes: (i) 1-x, 1-y, 1-z
Arl — pyrimidine ring in alkaloid molecule; Ar2 —imidazole ring in alkaloid molecule; Ar3 — benzene ring in 2,6-
dihydroxybenzoate anion; a) The distance between the ring centroids. b) The angle between aromatic ring
planes. c) The distance between ArN plane to ArM centroid. d) The distance between ArM and ArN projected
onto the ring plane M.

Optimized structures
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Fig. S2. The optimized at the APF-D/6-311++G(d,p) level of theory structures of (a) TBR-26DHBA (la), (b)
CAF-26DHBA (lla) and (c) solvated by water

Tab. 59. Selected experimental (I, Il) and calculated (la, I1a) bond lengths (A), bond and torsion angles (°), energies
and dipole calculated by the APF-D/6-311++G(d,p) for TBR-26DHBA (I, 1a) and CAF-26DHBA (II, lla).
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la

lla

Energy (a.u.)

Dipole moment (D)

Bond lengths
Cl1—C2
c2—C3
Cc3—C4
C4—C5
C5—C6
Cl1—Cé6
C1—-C7
c8—C11
C10—C11
N1—C8
N1—C9
N1—C15
N2—C9
N2—C10
N2—C13
N3—C11
N3—C12
N3—C14
N4—C10
N4—C12
01—-C7
02—-C7
03—C2
04—Cé6
05—C8
06—C9
MAD?

Bond angles
c3—Cc2—C1
C4—C3—C2
C5—C4—C3
C4—C5—C6
C2—C1—C6
C5—C6—C1
c2—C1—-C7
Cc6—C1—C7
01—-C7—C1
02—C7—01
02—C7—C1
03—C2—C1
03—C2—C3
04—C6—C1
04—C6—C5
C9—N1—C8
C9—N1—C15
C9—N2—C13
C8—N1—C15
C10—N2—C9

1.407(3)
1.382(3)
1.391(4)
1.376(4)
1.384(3)
1.418(3)
1.484(3)
1.446(3)
1.358(3)
1.391(3)
1.384(3)
1.389(3)
1.364(3)
1.469(3)
1.385(3)
1.335(3)
1.460(3)
1.361(3)
1.335(3)
1.241(3)
1.297(3)
1.361(3)
1.354(3)
1.219(3)
1.214(3)

120.4(2)
119.8(2)
121.6(2)
118.8(2)
117.99(19)
121.4(2)
122.34(19)
119.66(19)
121.53(19)
121.94(19)
116.52(18)
121.9(2)
117.7(2)
120.51(19)
118.1(2)
128.99(17)

119.92(17)

118.03(17)

-1211.7674

2.87

1.423
1.390
1.389
1.387
1.392
1.426
1.455
1.433
1.376
1.402
1.396
1.392
1.367
1.453
1.380
1.339
1.451
1.354
1.331
1.235
1.332
1.343
1.337
1.216
1.212
0.011

120.14
119.68
121.86
119.42
118.61
120.29
123.13
118.26
123.52
120.71
115.76
123.17
116.69
122.04
117.66
130.36

120.15

119.33

1.4125(17)
1.3900(18)
1.3862(19)
1.3865(19)
1.3870(18)
1.4189(17)
1.4821(17)
1.4369(17)
1.3641(17)
1.4144(15)
1.3976(16)
1.4700(16)
1.3838(16)
1.3636(16)
1.4631(16)
1.3882(15)
1.3282(16)
1.4677(15)
1.3608(16)
1.3431(16)
1.2530(16)
1.2940(15)
1.3545(15)
1.3541(16)
1.2151(16)
1.2191(16)

121.05(12)
119.10(12)
121.59(12)
119.64(12)
118.11(11)
120.49(12)
122.19(11)
119.69(11)
117.50(11)
121.91(11)
120.59(11)
121.83(11)
117.11(11)
121.15(11)
118.35(11)
127.35(10)
116.09(10)
120.37(10)
116.47(10)
118.77(10)

-1251.0524
3.27

1.422
1.390
1.389
1.387
1.392
1.425
1.456
1.430
1.372
1.410
1.403
1.459
1.393
1.363
1.453
1.381
1.339
1.451
1.354
1.331
1.235
1.331
1.343
1.337
1.218
1.213
0.013

120.14
119.67
121.86
119.42
118.62
120.29
123.11
118.28
123.47
120.77
115.77
123.15
116.71
122.03
117.68
127.35
114.80
120.15
117.85
119.42
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C10—N2—C13
Cl11—N3—C14
Cl12—N3—C11
C12—N3—C14
C12—N4—C10
N3—C12—N4
C10—C11—C8
N1—C8—C11
N2—C9—N1
N3—C11—-C8
C10—C11—N3
N4—C10—N2
N4—C10—C11
C11—C10—N2
05—C8—N1
05—C8—C11
06—C9—N2
06—C9—N1
MAD?

Torsion angles
N3—C11—C10—N2
N3—C11—C10—N4
N3—C11—C8—05
N3—C11—C8—N1
C9—N2—C10—N4
C9—N2—C10—C11
C9—N1—C8—05
C9—N1—C8—Cl11
C11—N3—C12—N4
C12—N4—C10—N2
C12—N4—C10—C11
C12—N3—C11—C10
C12—N3—C11—C8
C10—N2—C9—06
C10—N2—C9—N1
C10—N4—C12—N3
C10—C11—C8—05
C10—C11—C8—N1
C8—N1—C9—06
C8—N1—C9—N2
C8—C11—C10—N2
C8—C11—C10—N4
C15—N1—C9—06
C15—N1—C9—N2
C15—N1—C8—05
C15—N1—-C8—C11
C13—N2—C9—06
C13—N2—C9—N1
C13—N2—C10—N4
C13—N2—C10—C11
C14—N3—C11—C10
C14—N3—C11—C8

122.05(17)
126.65(19)
107.63(17)
125.67(19)
106.85(17)
110.22(18)
121.95(18)
110.24(17)
116.68(17)
131.92(19)
106.05(17)
126.78(18)
109.25(18)
123.97(18)
121.97(19)

127.8(2)
121.32(19)
122.00(18)

-179.78(18)
0.1(2)
0.4(4)

-179.8(2)
179.22(18)
-0.9(3)
177.6(2)
-2.3(3)
0.5(2)

-179.92(19)
0.1(2)

-0.4(2)
-177.1(2)

-177.57(18)

2.5(3)

-0.4(2)
-176.0(2)
3.9(3)
179.2(2)
-0.8(3)
-2.6(3)
177.29(18)
3.2(3)
-176.72(18)
-1.6(3)
178.3(2)
-177.3(2)
5.9(4)

120.52
126.12
106.59
127.28
105.03
112.41
122.53
109.67
114.90
131.94
105.53
126.37
110.43
123.19
122.49
127.84
123.37
121.73

0.94

-180.00
0.006
0.003
180.00
180.00
-0.004
179.99
0.005
-0.0003
179.99
-0.006
-0.004
-179.99
-179.99
0.009
0.004
-179.99
0.002
179.99

-0.01
-0.002
180.00

-0.004
180.00
0.006
-179.99
-179.99
0.02

120.82(10
127.02(10
107.59(10
125.38(11
106.04(10
110.91(11
122.38(11
110.85(10
117.06(10
131.80(11
105.73(10
126.72(11
109.72(11
123.53(11
122.17(11
126.98(11
121.39(12
121.55(11

177.45(11
-0.66(14
2.1(2
-177.84(12
177.81(11
0.03(18
-176.99(12
2.91(17
0.14(14
-177.29(12
0.75(14
0.32(14
176.88(13
-178.96(12
0.89(17
-0.55(14
178.14(12
-1.76(17
177.25(12
-2.60(18
0.49(19
-177.62(11
0.73(18
-179.12(11
-0.48(18
179.42(11
-1.19(19
178.67(11
0.05(19
-177.73(12
-179.96(12
-3.4(2

)
)
)

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

120.43
126.30
106.56
127.14
104.90
112.42
123.08
111.08
116.60
131.43
105.49
126.91
110.63
122.46
123.11
125.80
122.21
121.19

0.99

-180.00
0.002
-0.009
180.00
180.00
-0.007
180.00
-0.006
0.002
180.00
-0.001
-0.002
-179.98
-179.99
0.016
-0.001
-179.99
0.016
180.00
-0.01
-0.01
179.99
0.001
179.99
-0.004
179.99
-0.007
-180.00
0.012
-179.99
179.98
0.003
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C14—N3—C12—N4 177.5(2) 179.98 -179.58(11) -179.98
04—C6—C5—C4 -179.5(2) 180.00 179.76(12) 180.00
03—C2—C3—C4 -179.3(2) -180.00 -178.92(12) -180.00
C1—C6—C5—C4 0.9(3) -0.004 0.36(19) -0.001
C1—C2—C3—-C4 0.8(4) 0.005 0.36(19) 0.000
C6—C1—C2—03 -178.88(19) 179.98 179.98(11) 180.00
C6—C1—C2—C3 1.0(3) -0.01 0.73(18) -0.001
C6—C1—C7—01 3.6(3) -0.04 -176.21(11) -0.012
C6—C1—C7—02 -175.85(18) 179.95 3.39(18) 179.99
C6—C5—C4—C3 1.0(4) -0.003 0.8(2) -0.0003
C2—C1—-C6—04 178.56(19) -179.99 179.52(11) -180.00
C2—C1—C6—C5 -1.9(3) 0.01 -1.10(18) 0.001
Cc2—C1—-C7—-01 -177.7(2) 179.97 3.42(18) 179.99
C2—C1—C7—02 2.8(3) -0.04 -176.98(12) -0.005
C2—C3—C4—-C5 -1.9(4) 0.002 -1.1(2) 0.001
C7—C1—C6—04 -2.7(3) 0.02 -0.84(18) 0.004
C7—C1—C6—C5 176.86(19) -179.98 178.55(11) -180.00
C7—C1—C2—03 2.4(3) -0.03 0.35(19) -0.007
C7—C1—C2—C3 -177.7(2) 179.98 -178.90(12) 180.00
?MAD - mean absolute difference. MAD = 1/n ¥|dcaic — dexp|; d — geometrical parameter
Infrared spectra
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Fig. S3. Correlation between the experimental and calculated wavenumbers (cm™) for (a) TBR-26DHBA and (b)

Calculated frequencies (cm™)

CAF-26DHBA.
Tab. $10. Experimental FTIR (1) and IR spectra calculated by the APF-D/6-311++G(d,p) approach for TBR:26DHBA
(1a).
| la
Vexp® Vealc Acalc® | Vored® | Assignments, PED (%)%® Descriptions®
3478 3650 420 3513 S1=vO03Hs (99) vOH
3627 |106 3491 | S3 =vNiH: (100) VNH
3187 |3409 |458 3281 | S2=v0aH4a(99) vOH
3142|3279 |53 3157 | Ss=vC12H12(99) vCH
3223 |1 3103 Si3 = vC3Hz + vCsHs (87) vCH
S1a = vCsHa (10)
3219 |3 3099 | Si2=vCsHy — vCsHs (97) vCH
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Se = vCi3H13e (86)

3192 0.3 3073 vCH
Ss= vCisHisa + vCi3H13c (14)
= L+ .
3083 |3186 |9 3067 |07 VGHs+ VGHs (10) vCH
S14 = vC4Ha (90)
3180 |3 3062 | S11=vC1aH148 — VCiaH14a + vCiaH1ac (99) vCH
3166 2 3048 | So = vCiaH1as — VCisH1ac (100) vCH
3137 9 3020 |S7=vCisH13a — vCisH13c (100) vCH
3082 |15 2968 | Sio = vCisH1aa + vC1aH148 + VCiaH14c (99) vCH
Se = vCizH 14
3066 |34 |205p |67 VCwthue(14) VCH
Sg = vCizHi3a + VCi3H13c (86)
2823|2649 |5106 |2552 |t VO« (88) vOH
Sis5 = vNaH4 (10) vNH
1711|1804 |esa |1742 |S0TVEOs(1) vCo
S17 = vCs0s + vCs06 (71)
1697 [1796 |es1 |1734 |S0TVE0s(57) vCo
S17 = vCs0s + vCsO6 (10)
1727 460 1668 S18 = vC701 (48) vCO, 8COH,
Sse = 6C702Ha + SN4aH40:z (14) SNHO
1605 1688 | 292 1630 S2a = vC2C3 + vCsCs + vC701 (45) VCC, vCO
Szs = vC3Ca + vCaCs (12)
1660 68 1603 | S19 = vC10C11— vCioN2 (69) vCC, vCN
1587 vCOO
1560 1639 145 1583 S29 = vC1Ca + vCaCs — vCaCs (58) vCC
1548 1604 299 1550 [ Sea=8C11C10N2— 8NaC12N3 (25) 3CCN, 8NCN
1529 1564 139 fe11 S21=vC12N3 (12) vCN, 8COH,
Sse = 6C702Ha + 3N4H40:2 (29) 3NHO
1516 |1sse |32 |1sos | 577 vCuN:(28) VCN, 5COH,
Sse = 6C702Ha + ON4H403 (12) ONHO
Sag = 3C2C3Ca + 5C3CaCs+ 3CaCsCs (14)
1456 | 1536 |4 1484 | Sq3 = 5Cc0qHan (26) gggﬁ 5COH,
Ssa = 6CaC3H3' + 8C4CsHs' (19)
Sag = dH13aC13H13c + OH148C14H 144 — SH148C14H14c (56)
1433 1510 38 1459 | Se1 = tCoN2C13H13c — TCaN2C13H13a (12) OHCH, TCNCH
Se2 = TC12N3C14H148 — TC12N3C14H14c (10)
455 1500|312 1450 Sso = 8H13aC13H13c + SH14pC1aH14c — H148C1aH 144 (13) SHCH, 5CCH
Sss = 0CsCaHa’ + 3CaC3H3 (18)
Sag = OH138C13H
1495 |14 |14a5 | 3= OHueCistia(7l) SHCH, TCNCH
S79 = TCoN2C13H13s — TCoN2C13H13a (29)
1491 |2 1441 | Sso = 3H13aC13H13c + dH1a8C1aH1ac — BH148C1aH144 (46) SHCH
1415 1473 |14 1424 Ss2 = OH14aC14H1ac — 8H148C14H12a (71) SHCH, TCNCH
Sg3 = TC12N3C14H1aa — TC12N3C14H148 (29)
S34 = VCsN -
1469 |28 1420 34 = VCoN1 + vC12Ns — vCoN2 (19) VN, SHCH
Sa7 = 8H138C13H13c + 8H138C13H13a (10)
1454 |33 1406 | Ss1 = 06H148C1aH14a + OH148C1aH14c + OH12aC14H1ac (80) OHCH
S22 = vC4aCs— vC1C2 (15)
1390 1444 149 1396 | Sa2 = 6C203Hs (20) vCC, 3COH

Saz = 8Cs04Haa (19)
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Si6 = vCs0s (10)

CO, 8CNH,
1433 3 1386 | Sasa=0CsN1H1(37) gHCH
Sa7 = 3H138C13H13c + 8H138C13H13a (22)
1421 |23 1377 |STOCNHi(24) SCNH, SHCH
Sa7 = dH138C13H13c + GH138Ci3H13a (31)
1411 278 1365 | S31=vC203+ vCs0a (10) vCO
1396|113 |13s0 [>T VC20a+ VG0 (16) vCO, VCN
S3a = vCsN1 + vC12Na — vGoN2 (11)
1335 1368 |35 1323 [ Sz0 = vC12Na + vCaN2 — vC10N4 (45) vCN
Sa1 = vC203 + vCs0a4 (21)
1296 1360 93 1316 CO, 8CcC
$38 = 5C2C3Ca + BCC4Cst BCaCsCe (22) v
S22 = vGCs— vCiCa (32
s =NGGs— el 32) VCC, 3COH,
1350 63 1306 | Sa2 = 6C203Hs3 (22) SCCH
Sss = 5C5C4H4' + 5C4C3H3' (17)
S3s = vC13N2 (17)
1331 48 1288 CN, 6CNC
Ses = 5CoNaCro (18) v
S24 = vCaC3 + vCsCs + vC701 (15)
Sas =VvC
1300 |267 |1258 |>®=VO02(19) VEG, vCo,
Sa3 = 8C04Haa (14) 0COH, 6CCH
Ssa = CaC3H3' + 3CaCsHs' (13)
1271 |13 |1230 [377VCeN:(13) VCN, TCNCH
Se1 = TCoN2C13H13c — TCoN2Ci3H13a (16)
S23 = vC2C3 (16) CC. vCO
1228 |1266 |146 |1225 |Ss0=vC203+ vCs0a (25) ;cch v
Sss = 6CsCaH4' + 8C4C3H3' (25)
S3a = VCaN1 + vC12Ns — vCoN2 (10)
1224 |65  |1185 |Ss=vCiNz (15) VCN, SNCH
Sas = ON3C12H12 (35)
S26 = vC10Na — vCoN1 (24)
VCN, SNCH,
1163 1205 143 1167 | Sas = ON3CizH12 (12) CNCH
T
Sg1 = TCaN2C13H13c — TCoN2C1aH13a (15)
Sag = vC1C2 + vCaCs — vC3Ca (11)
1192 35 1154 CC, 8CCH
Ss3 = 8C4CaHy — 5C4CsHs' — 5CsCaHl (77) ¥
S3z = VCsN1 — vCaN1 (39)
1142 1158 60 1122 CN, 6CNH
Sas=06CsN1H1(10) v
1131|1152 |02 |1116 |7 OMsCitin(28) SHCH, TCNCH
S79 = TCgN2C13H138 — TCaN2C13H13a (70)
1148|001 |1112 | 5% OHeaCaehiec=SHasCuathien (28) SHCH, TCNCH
Se3 = TC12N3C14H14a — TC12N3C14H148 (69)
Sag = vC702 (26) CO. 5CCH
1145 |37 1109 | Ssa = 8C4CsH3 + 8CaCsHy (22) ;ccé !
Ses = 3C1C2C3 (11)
Sa1 = vC12N3 (15) vCN, SHCH,
1068 1096 21 1062 | Sas = H13aC13H13c + SH148C1aH14n — SH148C1aH1ac (12) TCNCH
Sg2 = TC12N3C1aH 148 — TC12N3C14H14c (44)
S25 = VC3Ca + vCaCs (44)
1038 1085 6 1052 vCC, 8CCH
Ssa = 8C4C3H3 + 3CaCsHs (25)
1079 |33 |1046 |57 VOC(12) vCC, vCO

S30 = vC203 + vCs04 (39)
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S77 = 1C702HaN4 (73) TCOHN,
1030 1076 62 1043 [ Sss=1C12N4H402 — 1C702HaN4— TC11Cr0NaHa — TCNHO,
1C1C702Ha (14) TCCNH, TCCOH
S27 = vC10C11 + VC10N2 (12)
1069 5 1036 Sas = VC13N2 (13) VCC, VCN,
Se3 = 6C10N4Ci2 (18) SCNC, TCNCH
Se1 = TCoN2C13H13c — TCoN2Ci3H13a (16)
573 |os8 |01 |osg | TCeCsCabe(75) TCCCH, 1CCCC
Sez = TC1C2C3C4 + TC3C4CsCe — TC2C3C4Cs (10)
S34 = VCoN1 + vC12Na — vCoN2 (10
34 = VCoN1 + vC12Na — vCoN2 (10) VCN, SCNC,
967 10 939 Se3 = 8C10N4Ci2 (26)
TCNCH
Se1 = TCaN2C13H13c — TCoN2Ci3H13a (16)
862 884 16 859 S7g = 1C10NaC12H12 (86) TCNCH
Sas = TCsCaCsHy + TC3CaCsHs
836|871 |0.05 |sas | TCCCHy GGGt (84) TCCCH, YCCCO
S104 = YCeC5C104 +yC2C3C103 (13)
&5 | a0 |5%=vC02 (13) vCO, 3CCC,
Seo = 8C3C4Cs — 3CaCsCs + 601C70: (50) 30COo
S36 = vC13N2 (17)
812 [814 |21  [792 |Ssy=vCuNs(18) ;g:éﬁNco,
Sss = dN1Cs0s + 3CoN1Cs (21)
S75 = 1C1C604H44 — ¥C702C101 (10
75 1C604Has — ¥C702C101 (10) TCCOH, €0C0,
763 805 30 783 Ses = TC3C4CsHs — TC5CaC3H3 — 1C6CsCaHar (41)
1CCCH, tCCCC
So2 = TC1C2C3C4 + TC3C4CsCe — TC2C3C4Cs (27)
S75 = 1C1Cs0aHaa — yC702C101 (11)
TCCOH,
800 23 778 Sss = TC3C4C5H5' - IC5C4C3H3' — TC5C5C4H4' (10)
4COCO, TCCCH,
S107 = yC702C101 (56)
Sa2a = vCaCs + vCsCs + vC701 (24
24 2C3 5Ce 701 (24) VCC, vEO,
751 772 11 751 S31 = vC203 + vCs0a (12)
5CCC, 50CO
Sao = 6C2C3Ca + 3CaCsCs + 801C70:2 (47)
763 3 743 S102 = ¥CsN1C1105 + yCsN2N10s (89) YCNCO, yCNNO
762 101 742 S7s = 1C1C604H4a — yC702C101 (67) TCCOH, yCOCO,
Sgs = TC3C4CsHs — 1CsCaC3H3 — 1CsCsCaHar (14) tCCCH
CCNC, YCNCN,
733 753 |42 [733 | Sior = TC11C1oNaCi2 + YC10NaC1iN> + yCoNaN1Os (76) ' i
yCNNO
Ss7 = ON1Co06 (27
2= BN1Cs0 (27) SNCO, 5CNC,
750 18 730 Sso = 8CoN1Cs+ SN1CsN2 — dN1Cs0s (10)
ONCN, 6CCN
S73=08C11C10Ns — 8C11N3Caa (17)
14 14 696 Si01 = TC11C10NaC12 + YC10NaC11N2 + yCaN2N106 (10) TCCNC, YCNCN,
S108 = TC11C10N4C12 + yC10N14C11N2 — yCaN1C1105 (67) YCNNO, yCNCO
Sgs = TC3C4CsHs' — TCsCaCaHz — 1C6CsCaHar (24
86 3C4CsHs' — 1CsCaCsHz — 1C6CsCaHar (24) CCCH, 1CCCC,
707 702 7 684 592 = TC1C2C3C4 + TC3C4C5C5 - TC2C3C4C5 (47) COCO
S107 = yC702C101 (12) :
633 |eos |13 |eso | > VCuNa(19) VCN, SNCN
S70 = 3NaC12N3 + dN1CsN2 (34)
640 80 625 Sag = TC11CsN1H1 + TC10N4C12N3 (77) TCCNH, tCNCN
Sgs = TCsCaCaHy + TC3C4CsHs (14
634 |1 glg |5w= GG+ GOy (14) TCCCH, yCCC0o
S104 = yCsC5C104 + yC2C3C103 (69)
620 66 606 S7a = T1C1C203H3 (82) TCCOH
615 |12 leos |57 TCroNCiNs (54) TCNCN, TCCNC,

S108 = TC11C10N4C12 + yC10N1aC11N2 — yCa8N1C1105 (13)

YCNCN, yCNCO
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611 617 24 603 S32 = vCaN1 + vC10N4 (48) vCN
Szs = vC3Ca + vCaCs (11)
S31 = vC0 Cs04 (10
31 = vC203 + vCs04 (10) VCC, vCO,
602 613 3 599 S35 = vC1Cz (13)
8CCC, 30CO
S3g = 5C2C3C4+ 5C3C4C5+ 5C4C5Ca (18)
Sa0 = 8C2C3Ca + 6CaCsCs + 501C702 (23)
592 25 579 Se2 = 8C4C5C6 — 3C2C3Cs + 3CaC203— 8C1C702— 8CsC04 5CCC, 5CCO
(77)
531 539 2 528 (56713)= 6CaCsC6— 3C2C3Ca + 3C1C701 + 3C5C604— C3C203 5CCC, 5CCO
SCCN, 3CNC
509 525 35 514 Sa1 = 8C11C10N2 — 8C11N3C1a — ON1CoN2 + ONaCi2N3 (47) SNCN ’
Sg7 = TC6CsCaHa (19
= TretsCuied19] TCCCH, TCCCC,
480 4 471 S103 = TC2C3CaCs — 1C3C4CsCs — YC6C5C104 + yC2C3C103
yCCcco
(64)
Sag = 6C2C3Ca + 8C3CaCs+ 5CaCsCs (11)
451 455 19 447 8CCC, 8CCO
Se7 = 6CsC504 (59) !
Sa6 = vCioNs — vCoNy (12
526—5C10C4NV 95C1 (N ()l ON1CoN2 + 6N4Ci2N3 (11) ¥CN, BCCN,
aa0  |452 |41 |aaq |27 O-irmionzT ORulsue O T OTURNS BCNC, SNCN,
Ssg = ON1C80s + 6CoN1Cs (12) SNCO
See = 5CaN2C1o (18) '
Ses = 3C1CC (10)
446 30 439 8CCC, 3CCO
Seg = 8C1C702 + 8C3C203 + 5CsCe04 (35)
428 |3 421 | Ss7=8N1Co06 (35) 3NCO
S35 = vCiCa (13)
Ses = 0C1C
398 03 393 66 1 zCa (11) VCC, SCCC,
Se7 = 0CsC504 (14) 8CCO,
Seg = 3C1C702 + 8C3C203 + 3CsCe04 (25)
S8CNC, 3NCN,
373 8 369 Ss9 = 0CoN1Cg+ ON1CoN2 — SN1CsOs (48)
ONCO
364 0.4 360 Sgo = 1C11C10N4C12 — YC10N4aC11N2 (53) TCCNC, YCNCN,
Si0s = YC13C10CaN2 + YC14C11C12N3 (29) yCCCN
340 30 337 Se1 = 3C1C2C3— 3C7C1C2 (59) 8CCC
318 3 316 S72 = 8CoN2C13 (63) S8CNC,
Sgo = TC1C2C3C4 + TC7C1C2C3 + yCeCsC104 (57)
260 0.04 260 CCCC, yCcco
$93 = TCC1CaCs (25) e
Sgg = TC10N2CoN CgN1C9gN2— tCoN2C10N4 (16
228 |06 |230 |7 TCiNCoNe ¥ TCaNCoNa— tCoNaCiola (16) TCNCN, yCCCN
S106 = 7C14C11C12N3 — 7C13C10CsN2 (67)
225 0.02 227 So1 = 1C2C3C4Cs + TC3C4CsCs (80) tCCCC
S3g = 5C11N3C14 + 5C11C10Nz (48)
214 18 216 S8CNC, 8CCN
S73=8C11C10Na — 5C11N3C14 (23)
Sgg = TC10N2CoN1 + TCsN2C10Na (54)
198 5 201 Sag = TC10N2CoN1 + TCsN1CaN2 — TCoN2C10Na (10) TCNCN, yCCCN
Sios = YC13C10CaN2 + YC14C11C12N3 (14)
149 4 154 Sa7 = TCoN2C10Na + TCsN1CaN2 (60) TCNCN
Ses = 1C1C702Ha + T1C12N4H402 — 1C2C1C702 (10) TCCOH,
121 0.005 |127 Sao = TC1C2C3C4 + TC7C1C2C3 + YC6CsC104 (23) TCNHO, tCCCO,
Se3 = 1C7C1C2C5 (40) tCCCC
119 0.4 125 Sgo = TCoN2C13H13c + TCoN2C13H13a + TCoN2Ca3H13s (73) | TCNCH
111 7 117 S15 = vNaH4 (56) vNH
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Sgo = TCoN2C13H13c + TCoN2C13H13a + TCoN2C13H138 (10)
107 0.7 113 Sg9 = TC10N2CaN1 + TCsN1CaN2 — TCoN2C10Na (18) TCNCH, TCNCN,
Si0s = YC13C10CaN2 + YC14C11C12N3 (45) yCCCN
S106 = YC14C11C12N3 — yC13C10CoN2 (10)
90 0.1 97 Sgg = 1C11C10N4C12 — YC],UNAC;L]_NZ (13) TCCNC, TCNNC,
' Sag = TC10N2C9N1 + TC8N1CaN2 — TCoN2C10N4 (45) YCNCN
78 0.4 36 Sis = VNaH4 (10) VNH, 6COH,
Ses = 0C702Ha + 6C10NaH4 (68) OCNH
Sss = 1C1C02Ha + TC12NaHaO2 — TC2C1C50; (61) TCCOH,
=1 T -1
77 02 |85 S“ C1C7C2C “(11) e T BT TCNHO, TCCCO
=1
03 7C1CaCs 2CCCC
Ssa = TC12N3C1aH 144 + TC12N3C1aH148 + TC12N3C14H14c
CNCH, tCCOH
58 0.005 |66 (74) TR, ARLUR,
TCCNH
S100 = TC1C702H4 — 1C11C10N4H4 (14)
46 4 55 Si100 = TC1C702Ha — C11C10N4H4 (63) TCCOH, TCCNH
O6COH, 6CNH,
35 3 44 Sas = 3C702Ha — 8C10NaHa + dN4H402 (83)
SNHO
S C1C702H C12N4H40. C702HaN C2C1C70 TECOH,
= - + +
19 05 29 96 = TC1C702H4 — TC12N4H402 1724412172TCNHO,
(86)
TCOHN, tCCCO
TCOHN,
S77 = 1C702HaN4 (15) CNHO
15 0.5 25 Sos = 1C12N4H40; — 1C702H4N4g — 1C11C10NaH4 — tCCNH d
T
C1C702Ha (76 '
TCi702Ha (76) TCCOH

@ wavenumbers (cm™); vs — very strong, s — strong, m — medium, w — weak, vw — very weak, sh — shoulder;
b Calculated infrared intensities in km-mol™;

©Scaling Eqs. Vpred = 0.9594caic + 10.

8; r=0.9981;

4 PED - the potential energy distribution, % in bracket;
¢ Abbreviations: v — stretching, § — in-plane deformation, y — out-of-plane deformation, T — torsion;
f Absent in the theoretical spectrum.

Tab. S11. Internal coordinates (PED) used in the normal modes analysis for TBR-26DHBA (la), calculated

frequencies, PED (%) and descriptio

ns.

Local group coordinates Calculated frequencies (cm™), PED (%) | Descriptions?®
S1= vOs3H; 3650 (99) vOH
S2 = vO4Haa 3409 (99) vOH
S3 = vNiH; 3627 (100) vNH
Sa=vO2Ha 2649 (88) vOH
Ss = vCiz2H12 3279 (99) vCH
Se = vCi3Hi3s 3192 (86), 3066 (14) vCH
S7=vCizH13a — vCisHisc 3137 (100) vCH
Sg=VvCizH13a + vCisHiac 3192 (14), 3066 (86) vCH
Sg = VCi4H14s — vCisH1ac 3166 (100) vCH
S10 = vCiaH14a + vCiaH1as + vCa4H1ac 3082 (99) vCH
S11 = vCiaH148 — vC1aH14a + vCiaH1ac 3180 (99) vCH
S12 = vC3H3' — vCsHy 3219 (97) vCH
Si13 = vC3Ha + vCsHs 3223 (87), 3186 (10) vCH
S14= vCaHa 3223 (10), 3186 (90) vCH
S1s = vNaHa 2649 (10), 111 (56), 78 (10) VNH
S16 = vCs05 1804 (11), 1796 (57), 1433 (10) vCO
S17 = vCs0s + vCoOs 1804 (71), 1796 (10) vCO
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S18=v(C;01 1727 (48) vCO
S19 = vC10C11— vC10N2 1660 (69) vCo
S20 = vC12Na + vCaN2 — vCioN4 1368 (45) vCN
Sa1= vCuNs 1564 (12), 1556 (28), 1096 (15) vCN
S22 = vC4yCs— vC1Ca 1444 (15), 1350 (32) vCC
S23 = v(CCs 1266 (16), 1079 (12) vCC
S24 = vC2C3 + vCsCs + vC701 1688 (45), 1300 (15), 772 (11) vCC, vCO
S25 = vC3Ca + vCaCs 1688 (12), 1085 (44), 613 (11) vCC
S26 = VC10N4 — VCoN1 1205 (24), 452 (12) vCN
S27 = vC10C11 + vC10N2 1069 (12) vCC, vCN
Sag = vC;02 1300 (19), 1145 (26), 833 (13) vCO
S25 = vC1Cz 4+ vCaCs — vC3Ca 1639 (58), 1192 (11) vCC
S30.= V203 + vCeOa 1266 (25), 1079 (39) vCo
S31 = v(C203 + vCeO4 1411 (10), 1396 (16), 1360 (21), 772 vCO
(12), 613 (10)
S32 = VCoN1 + vCioNa 617 (48) VvCN
S33 = vCgN1 — vColN3 1158 (39) vCN
S3a4 = vCoN1 + vCi2Na — vCaN2 1469 (19), 1396 (11), 1224 (10), 967 vCN
(10)
S35 = vGCa 613 (13), 398 (13) vCC
S36 = vC13N2 1331 (17), 1224 (15), 1069 (13), 814 vCN
(17)
S37= vC14N3 1271 (13), 814 (18), 698 (19) vCN
S3g = 8C2C3Ca + 8CaCaCs+ 6CaCsCs 1536 (14), 1360 (22), 613 (18), 455 oCCC
(11)
S39 = 8C11N3C14 + 6C11C10N2 214 (48) O6CNC, 6CCN
Sao0 = 6C2C3Ca + 8CaCsCs+ 501C702 772 (47), 613 (23) 0CCC, 60CO
Sa1 = 8C11C10N2 — 8C11N3C1a— BN1CsN2 + SNaC12N3 | 525 (47), 452 (11) 8CCN, 8CNC,
ONCN
Ss42 = 8C;03H3 1444 (20), 1350 (22) 3COH
S43 = 5Cs04Haa 1536 (26), 1444 (19), 1300 (14) 5COH
Saa= 6CsN1H1 1433 (37), 1424 (24), 1158 (10) OCNH
Sas = 8C702Ha — 8C10NaHa + SNaH402 35(83) 8COH, 8CNH,
ONHO
Sag = SN3CiaH1 1224 (35), 1205 (12) SNCH
Sa7 = OH138C13H13c + SH138C13H13a 1469 (10), 1433 (22), 1424 (31) SHCH
Sag= OH138C13H13a 1495 (71), 1152 (28) SHCH
Sa9 = 8H13aC13H13c + dH148C14H 144 — BH148C1aH1ac 1510 (56), 1096 (12) OHCH
Sso = 8H13aC13H13c + dH148C1aH14c — SH148C1aH 148 1500 (13), 1491 (46) SHCH
Ss1 = OH148C14H14a + SH148C1aH14c + SH14aC14H14c 1454 (80) SHCH
Ss2 = 8H14aC1aH1ac — SH148C14H14n 1473 (71), 1148 (28) GHCH
Ss3 = 8C4C3H3 — 8CaCsHs' — 8CsCaHa 1192 (77) S5CCH
Ssa = 5CaCaHz + 5CaCsHs 1536 (19), 1300 (13), 1145 (22), 1085 | 5CCH
(25)
Sss = 6CsCaHa’ + 6CaCsHy 1500 (18), 1350 (17), 1266 (25) OCCH
Sse = 6C702Ha + 3NaH402 1727 (14), 1564 (29), 1556 (12) 3COH, 3NHO
Ss7 = dN1Ce06 750 (27), 428 (35) 3NCO
Ssg = ON1CgOs + 6CoN1Cs 814 (21), 452 (12) ONCO, 5CNC
Sso = 8CoN1Ca+ SN1CoN2 — SN1CsOs 750 (10), 373 (48) 8CNC, SNCN,
ONCO
Se0 = 8C3C4Cs — 3CaCsCs + 601C702 833 (50) 8CCC, 60CO
Se1 = 8C1C2C3— 8CC1Cs 340 (59) dccc
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Se2 = 8CaCsCe — 3C2C3C4 + 5C3C203 — 3C1C702 — 592 (77) 8CCC, 8CCO
6CsCs04
Se3 = 06C10NaC12 1069 (18), 967 (26) SCNC
Sea= 8C11C10N2— ON4C12N3 1604 (25) OCCN, dNCN
Ses = 6C702Ha + 3C10NaHa 78 (68) 3COH, 8CNH
Ses = 0C1C2C3 1145 (11), 446 (10), 398 (11) 8CCC
Se7 = 8C6Cs04 455 (59), 398 (14) 8cco
Ses = 0C1C702 + 8C3C203 + 5CsCe04 446 (35), 398 (25) 46CCo
Se9 = 6CaN2Cio 1331 (18), 452 (18) SCNC
S70 = dN4C12N3 + 3N1CoN2 698 (34) SNCN
S71 = 8C4C5C6 — 5C2C3C4 + 5C1C701 + 8CsCe04— 539 (63) 8CCC, 6CCO
85C3C203
S72 = 8CoN2Ca3 318 (63) O6CNC
S73= 8C11C10Na— 3C11N3Caa 750 (17), 214 (23) 3CCN, 8CNC
S7a = TC1C203H3 620 (82) TCCOH
S75= 1C1C604Ha4 — 7C702C101 805 (10), 800 (11), 762 (67) TCCOH, yCOCO
S76 = TC10N4C12N3 619 (54) TCNCN
S77 = 1C702H4N4 1076 (73), 15 (15) TCOHN
S7s= 1C10NaC12H12 884 (86) TCNCH
S79 = TCoN2Ci13H138 — TCoN2C13H13a 1495 (29), 1152 (70) 1CNCH
Sgo = TCoN2C13H13c + TCaN2Ci3H13a + tCoN2Ci3H13s | 119 (73), 107 (10) TCNCH
Ss1 = TCoN2C13H13c — TCoN2C13H13a 1510 (12), 1271 (16), 1205 (15), 1069 | tCNCH
(16), 967 (16)
Sg2 = TC12N3C14H148 — TC12N3C14H14ac 1510 (10), 1096 (44) TCNCH
Sg3 = TC12N3C14H14a — TC12N3C14H148 1473 (29), 1148 (69) TCNCH
Sga = TC12N3C1aH14a + TC12N3C1aH148 + 58 (74) TCNCH
1C12N3CiaH1ac
Sgs = TCsC4CaH3 + TC3C4CsHs 871 (84), 634 (14) tCCCH
Sas = TC3C4CsHs' — TCsCaCsH3 — 1C6CsCaHar 805 (41), 800 (10), 762 (14), 702 (24) | tCCCH
Sa7 = 1CeCsCaHa 988 (75), 480 (19) tCCCH
Saa = TC1C702H4+ TC12N4H402 - TC2C1C702 121 (10), 77 (61) TCCOH,

TCNHO, tCCCO

Sg9 = TC11C10N4Cr2 — yC10N4Ca1N2

364 (53), 90 (13)

TCCNC, YCNCN

Sgp = TC1C2C3C4 + TC7C1CC5 + YCGCEC].O/; 259 (57), 121 (23) TCCCC, YCCCO

S91= 1C2C3C4Cs + 1C3CaCsCs 225 (80) 1CCCC

So2 = TC1C2C3Ca + TC3C4CsC6 — TC2C3C4Cs 988 (10), 805 (27), 702 (47) 1CCCC

So3 = TC7C1C2Cs 259 (25), 121 (40), 77 (11) TCCCC

594 = TC11C3N1H1 + TC10N4C12N3 640 (77) TCCNH, TCNCN

Sogs5 = 1C12N4H402 — 1C702H4N4 — tC11C10NaH4 — 1076 (14), 15(76) TCNHO,

1C1C702H4 TCOHN,
tCCNH, 1CCOH

So6 = TC1C702Ha — TC12N4H402 + TC702HaN4 + 19 (86) TCCOH,

1C2C1C702 TCNHO,
TCOHN, tCCCO

Sg7 = TCaN2C10N4 + TCsN1CoN2 149 (60) TCNCN

Sga = TCmNngN:L + ‘CCQNszNq 198 (54) TCNCN

S9 = TC10N2CsN1 + TCsN1CsN2 — TCsN2C1oNs 228 (16), 198 (10), 107 (18), 90 (45) | 1CNCN

S100 = TC1C702H4 — 1C11C10N4H4

58 (14), 46 (63)

TCCOH, tCCNH

S101 = TC11C10N4C1z + YC10NaC11N2 + ¥CaN2N106

753 (76), 714 (10)

TCCNC, YCNCN,
yCNNO

S102 = YCsN1C1105 + yCsN2N106

763 (89)

yCNCO, yCNNO

S103 = TC2C3C4Cs — 1C3CaCsCs — 7C6C5C104 +
yC2C3C103

480 (64)

1CCCC, yCCCO
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S104 = yCsCsC104 +yC2C3C103 871 (13), 634 (69) yCCco

S105 = YC13C10CoN2 + ¥C14C11C12N3 364 (29), 198 (14), 107 (45) yCCCN

S106 = YC14C11C12N3 — yC13C10CoN2 228 (67), 107 (10) yCCCN

S107 = YC702C101 800 (56), 702 (12) yCOCO

S108 = TC11C10N4C12 + YC10N14C11N2 — yCeN1C110s 714 (67), 619 (13) TCCNC, YCNCN,
YCNCO

#v — stretching, 8 — in-plane deformation, y — out-of-plane deformation, t — torsion.

Tab. $12. Experimental FTIR () and IR spectra calculated by the APD-F/6-311++G(d,p) approach for CAF-26DHBA
(na).

1] lla
Vexp? Vcale Acalc® | Vpred© | Assignments, PED (%)% Descriptions®
3420 |[3645 |437 3487 | S1=vOsHs (99) vOH
3404 | 467 3258 | Sy = vO4Haa (99) vOH
3123 3278 52 3137 | S4 = vCi12H12(99) vCH
3223 |1 3085 | S1s = vCsHy + vCaHz (85) vCH
3218 |3 3080 | S14 = vCsHs — vC3H3 (95) vCH
3197 |05 3060 | Ss = vCi3H13s (81) vCH
S7= vCizHiza + vCizHasc
3195 0.5 3058 | Sg= vCiaH14a (87) vCH
S10 = VCiaH14s + VCiaH1ac (13)
3185 |10 3049 | S15s = vCsHs + vC3Hz (15) vCH
S16 = vCaHa (90)
3179 |3 3043 | S12 = vCisHisa + vCisHise— vCisHasc (99) vCH
3166 |3 3031 | S11 = vCisHisa — vCasHiss (100) vCH
3055 3152 10 3017 | S5 = vCi3H13a — vCizHi3c (100) vCH
3136 |10 3002 | Sg = vC14H148 — vC1aH14c (100) vCH
3082 |15 2950 | S13 = vCisHisa + vCisH1ss + vCisHisc (99) vCH
3080 23 2949 | Sg = vCi3H13s (19), S7=vCizH13a + vCisHisc (81) vCH
2949 3065 37 2934 | Sg= vCiaH14n (13) vCH
S10 = VCiaH14p + VCisHiac (87)
2573 2606 3257 2497 | S3 = vO1H4 (88) vOH
S17 = vNaHa (10) vNH
1718 |1793 |503 1721 | S19 = vCsOs + vCs0s (73) vCO
1673 [1756 |978 1686 | Sis = vCs0s— VCsOs (71) vCo
1728 |377 1659 | Sz = vC70; (47) vCO, 3COH, 3NHO
S0 = 5C;01Ha — 8NaH401 (13)
1639 (1689 |301 1622 | Sp6 = vC2C3 + vCsCs + vC702 (43) vCC, vCO
S27 = vG3Cs + vCaCs (12)
1598 1674 24 1608 | S21 = vC10C11 — vC10N2 (68) vCC, vCN
1579
1565 |[1639 |151 1574 | S31 = vCiCa + vC4Cs — vC3Ca (58) vCC
1552 (1608 |353 1545 | Sz9 = vC10C11 + vC10N> (13) vCC, vCN, 8CCN
S34 = vCaNz (10)
Sa2 = 8C11C10N4 — 8C11C10N2 (20)
1530 (1567 |145 1506 | S23 = vC12N3 (17) vCN, 3COH, 6NHO
S70 = 6C701H4 — SN4H401 (23)
1499 |1558 |43 1497 | S23 = vC12N3 (26) VvCN, 8COH, 6NHO
S70 = 6C701Ha — SNaH401 (13)
1459 1537 |4 1477 | Sa1 = 8C2C3Cs+ SC3CaCs+ 8CaCsCs (15) 8CCC, 3COH,
Sae = 8C604Han (26) S8CCH
Ss9 = 8CaCsHs + 8CaCaH3 (21)
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1447 |1510 |46 1451 | Sss = dH148C14H14c + SH15aC15H15¢ — SH154CasHa1s8 (57) SHCH, TCNCH
Sgg = TC10N2C14H 148 — TC10N2C14H14c (10)
So1= tC11N3C15H1s8 — TC11N3CasH15a (11)
1438 1503 |79 1445 | Sag = 6H13aC13H13c (44) SHCH, TCNCH
Sgs = 1CsN1C13H13a — TC8N1C13H13c (15)
1501 216 1443 | S4s = 5H13aC13H13c (23) S8HCH, 8CCH
Seo = 3C3C4Ha (10)
1496 13 1438 | Ss3 = 3H14aC14H14e (73) SHCH, TCNCH
Sg7 = TC10N2C14H148 — TC10N2C14H14a (27)
1493 |7 1435 | Sse = 8H1s8CasHasc + SH148C1aH1ac — SHi1saCasHase (45) SHCH
1486 |12 1429 | Ss1 = 6H138C13H13c — OH13aC13H138 (73) OHCH, TCNCH
Sgs = TCsN1C13H13a — TCaN1C13H138 — TC10N2C14H144 +
TC10N2C14H148 (27)
1410 |1472 6l 1415 | Szs = vCioN4 (13) vCN
1471 14 1414 | Sss = 3H15aC15H1sc — dH1s8CasHasc (71) SHCH, TCNCH
Seo = TC11N3CisH1sc — TC11N3CisHisa (29)
1454 |29 1398 | Ss7 = 8H15aC15H158 + H148C14H14c — SH15AC15H15¢ (83) SHCH
1390 (1446 |142 1390 | S24 = vC4Cs — vCi1Cs (15) vCN, 3COH
Sas = 6C203Hs (20)
Sas = 0C604Haa (19)
1439 |30 1384 | Sso = §H13aC13H13c + BH13aC13H138 (50) SHCH
1428 4 1373 | S22 = vC12Na (10) VvCN, SHCH
Ssy = OH14aC14H148 + dH14aC1aH 1ac (54)
1358 1411 285 1357 | Sz3 = vC12N3 (11) vCN, vCO
530 = VC701 (10)
1398 |87 1345 | S33 = vC203 + vCs04 (33) vCO
1322 | 1382 110 1329 | Sz, = vC12N4 (33) vCN
1360 83 1308 | S33 = vC203 + vCeOa (24) vCO, 6CCC, 5COH
Sa1 = 8C2C3Ca + 8C3CaCs+ 8CaCsCs (23)
Sae = 8C604Han (10)
1350 58 1299 | Sas = vCaCs — vCiCs (33) vCC, 8COH, 8CCH
S4s = 0C203H3 (22)
Seo = 5C3CaHa (13)
1331 |57 1281 | Sy = vCioNa (14) VCN, BCNC
S3g = vC1aN2 (16)
S74 = 5CaN2C10 (16)
1301 283 1252 | Sz6 = vCaCs + vCsCs + vC702 (16) vCC, vCO, 3COH,
S30 = VG701 (20) 8CCH
Sas = 8C604Han (13)
Ssg = 8CaCsHs + 8CaCaHy (13)
1286 46 1238 | S37= vCsNi + vC12N4 (16) VCN, 6HCH, tCNCH
Sao = 3H13aC13Ha3c (10)
Sgs = TCgN1C13H13a — 1CaN1C13H13c (22)
1217 1273 91 1225 | Sea = SNaC12N3 + 3CaN1Cs (13) ONCN, 6CNC,
Sgs = TC10N2C14H148 — TC10N2C14H14c (15) TCNCH
1267 158 1220 | Szs = vCaC3 (17) vCC, vCO, 6CCH
S32 = vCe0a — vC203 (25)
Seo = 8C3CaHa (27)
1244 |8 1198 | S3g = vC1aN2 (18) VvCN

S39 = vCi1sN3 (12)
Sao = vC13N1 (14)
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1163

1213

194

1168

Sag = vC10Na (11)
Sag= ON3C12H12 (42)
Sgg = TC10N2C1aH148 — TC10N2CasHu4c (10)

VCN, SNCH, TCNCH

1191

34

1147

S31 = vC1Ca + vC4Cs — vC3Ca (11)
Ssg = 0 C4CsHs — 8CaCaHy — 6C3CsaHa (75)

vCN, 6CCH

1128

1152

0.01

1110

Ss1 = 8H138C13H13c — BH13aC13H138 (10)
Ss3 = 8H1aaC14H148 (16)
Sg7 = 1C10N2C14H148 — TC10N2C14H144 (66)

SHCH, TCNCH

1150

0.5

1108

Ss1 = 8H138C13H13c — BH13aC13H138 (16)

Ss3 = OH14C14H148 (10)

Sgs = TCgN1C13H13a — TCgN1Ci3H13g — TC10N2C1aH14a +
1C10N2C14H148 (66)

S8HCH, TCNCH

1148

0.01

1106

Sss = 8HisaCasHasc — SH1s8CisH1sc (29)
Soo = 1C11N3C15H15c — TC11N3CisHisa (69)

SHCH, TCNCH

1146

36

1104

S30 = vC701 (25)
Ssg = 8C4CsHy + 3CaC3H3 (22)

vCO, 6CCH

1061

1098

16

1059

S23 = vC12N3 (12)
Ss4 = 8H148C1aH1ac + SH1saCisHasc — SH15aCisH1ss (14)
So1= tC11N3CisH1s8 — TC11N3CasH1sa (47)

VCN, SHCH, TCNCH

1090

1051

Sas = vCoN2 (12)

Sa0 = vCi13N1 (13)

SGS = 6C10N4C12 (11)

Sgs = TC10N2C14H 148 — TC10N2C14H14¢ (21)

VvCN, 3CNC, tCNCH

1050

1087

61

1048

S103 = TC10NaH401 + tC701HaNs — 1C1C701H4 (20)
S107 = 1C701HaNa

TCNHO, tCOHN,
TCCOH,

1084

1045

S27 = vCaCa + vCaCs (43)
Ss9 = 8CaCsHs + 8CaC3H3 (26)

vCC, 3CCH

1031

1079

34

1040

S24 = vCaCs — vC1Ce (10)

Szs = vCaC3 (13)

S32 = VCe0a — vC203 (41)
Seo = 6C3CaHa (15)

S76 = 8C4CsCe— 8C2C3C4 (10)

VCC, vCO, SCCH,
sccc

1000

1058

61

1020

S35 = vCaN1 (16)

S37=vCsN1 + vC12N4 (11)

S3s = vC1aN2 (13)

Ses = 8C10N4C12 (12)

Sg4 = 1CsN1C13H13a — TCaN1C13H13c (18)

VCN, 8CNC, TCNCH

1016

22

980

S37=vCsN1 + vC12N4 (10)
S3s = vCuaN2 (21)
Sa0 = vCi13N1 (20)

vCN

947

988

0.1

954

Sos = TC2C3CaHa’ — TC3CaCsHs: (75)
So9 = TC6CsCaC3 — 1C2C3CaCs (17)

TCCCH, TCCCC

960

927

540 = VC13N1 (15)
Seg = 0C10N4Ci2 (16)

VCN, 5CNC

874

881

16

852

Sg3 = 1C10N4C12H12 (87)

TCNCH

833

871

0.4

842

So3 = 1C3CaCsHs + TCsCaC3Hy (83)
S111 = YC6CsC104 + yC2CaC103 (14)

TCCCH, yCCCO

840

813

Sa2 = 8C11C10N4 — 8C11C10N2 (11)
Se2 = 8N1C90s — SCoN2C10 (20)
Sea = ON4C12N3 + 6CoN1Cs (10)

8CCC, 3NCO, 3CNC,
3NCN

834

13

807

S30 = vC701 (12)
Se5 = 0C3CaCs — 8C4CsCe + 01C702 (51)

vCO, 5CCC, 50CO
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772 805 32 779 | Sg1 = yC701C102 (10) yCOCO, TCCCH,
So4 = TC2C3C4Ha + 1C5CaC3H3 — 1C3C4CsHs (40) TCCCO, tCCCC
S100 = 1C2C3C103 — 1C6CsC104 — 1C2C3C4Cs (36)
801 22 775 | Sg1 = yC701C102 (55) yCOCO, TCCCH,
So4 = 1C2C3CaHa + TC5CaC3Hy — TC3CaCsHs (15) YCCOH
S116 = 1C1C604Haa + yC;01C10; (15)
756 774 27 750 | S39 = vC1sN3 (19) VvCN, 8CCO
Se3 = 8C11Cs0s (12)
744 772 22 748 | Sz6 = vCaCs + VCsCs + vC702 (11) vCC, vCO, 8CCC,
S33 = v(203 + vCs0s (11) d30CO
Se7 = 8CaC3C4+ BC4CsCs + 501C702 (43)
766 0.3 742 | S110 = YCaN1N20g + yCgN1C1105 (92) YCNNO, YCNCO
763 106 739 | Soa = 1C2C3CaHa + 1CsCaCaH3 — TC3C4CsHy (17) TCCCH, yCCOH,
S116 = 1C1C60aHaa + yC701C10; (66) yCOCO
710 760 13 736 | S109 = 1C11C10N4C12 —')/CuNACnNz + ‘YCgNlNzOs (75) TCCNC, ’YCNCN,
YCNCN
703 3 682 | So7 = 1C11C10N4C12 + TC10N4C11N2 — TCaN1C110s5 (44) TCCNC, TCNCN,
S100 = TC2C3C103 — TC6C5C104 — TC2C3CaCs (15) TCNCO, tCCCO,
tCCCC
702 4 681 | Sas = TC2C3CaHa" + TCsCaCsH3' — 1C3C4CsHs (10) TCCCH, TCCNC,
Sg7 = TC11C10N4C12 + TC10N4C11N2 — TC8N1C1105 (33) TCNCN, TCNCO,
S100 = 1C2C3C103 — 1C6C5C104 — TC2C3C4C5 (21) tCCCO, 1CCCC
647 660 2 641 | S39 = vC15N3 (11) VCN, 8CNC, 5NCN
Sas= 8CsN1Cs— ONaC12N3 (30)
612 634 11 616 | Ses = TC3CaCsHs + TCsCaCsHz' (12) TCCCH, yCCCO
S111 = YCsCsC104 + yC2C3C10s (64)
625 79 608 | Sgo = TC1C203H3 — 1C10N4C12N3 (14) TCCOH, TCNCN,
S102 = 1C1C203H3 + 1C10N4C12N3 (59)
623 16 606 | Sgo = tC1C203H3 — 1C10N4C12N3 (61) TCCOH, TCNCN
S102 = 1C1C203H3 + 1C10N4C12N3 (14)
614 3 597 | S27 = vC3Ca + vC4Cs (11) vCC, vCO, 8CCC,
S33 = vC203 + vCeOa (10) 80CO
S36 = VC1C7 (13)
Sa1 = 8C2C3C4 + BC3CaCs+ CaCsCs (18)
Se7 = 8C2C3Ca + BCaCsCs + 501C702 (23)
579 593 25 577 | S73= 8CaCsCs— 8C2C3Ca — dC1C701— 8CsCs0a + 5C3C203 | SCCC, SCCO
(73)
546 563 0.1 548 | S3s = vCoN; (10) vCN, 3CNC
S35 = vCoN1 (13)
Seo = 6C12N3Cis (13)
539 (21 525 | S76 = 8C4CsCe— 5C2C3C4 (66) dccc
484 411 473 | S3a = vCaN2(17) VCN, 3NCN
S75= 8N1CsN2 (23)
486 480 3 469 | Sos = TC2C3CaHa — TC3CaCsHs (16) TCCCH, TCCCC
Sg9 = 1C6C5CaCs — 1C2C3CaCs (66)
457 455 6 445 | S35 = vCoN1 (10) vCN, 3NCO, 8CNC,
Se2 = ON1C906 — SCoN2Cio (24) 8CCO
S72 = 8C5C604 — 8C1C701 (22)
439 454 31 444 | S7; = 5Cs5C60a— dC1C701 (41) 8CCO
449 67 440 | Sa1 = 5C2C3C4 + BC3CaCs+ BCaCsCs (10) 8CCC, 6CCO
S43 = 06C3C203 + 6C1C701 + 8CsC604 (27)
435 7 426 | Saz = 8C3C203 + 3C1C701 + 8CsC604 (16) 8CCO, 3CNC, 5CCN

Sz4 = 8CaN2C10 (23)
S79 = 8C12N3C15 — 8C11C10N2 (10)
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404 9 397 | Sz = 8C3C203 + 8C1C701 + 8CsC604 (12) &CCO, 8CNC
Se3 = 8C11Cs0s (35)

394 8 387 | S36 = vC1C7 (12) vCN, 8CCO, 6CCC
Sa3 = 8C3C203 + 6C1C701 + 6CsCe04 (21)
Se3 = 6C11C805 (11)
S71 = 8C1CC3 + 8C2C1C7 (10)

371 10 365 | Sys= 8CsN1C13 (56) GCNC

365 0.03 360 | S114 = YC15C11C12N3 — YC14CoCa0N2 + YC10NaC11N2 — YCCCN, YCNCN,
‘tC11C10N4ClZ (55) TCCNC,
S117 = 1C11C10N4C12 — yC14CoC10N2 + yC15C11C12N3 —
YC10NaC11N> (12)

340 30 336 | Ses = 8C2C1C7 (48) &CCC
S71 = 6C1C2C3 + 8C2C1C7 (16)

312 3 309 | S77 = 6CaN2C14 (64) O8CNC,
S7s=08CsN1C13 (12)

272 0.03 271 | S10s = TC10N2CsN1 + TCsN1CsN2 (10) TCNCN, YCCCN
Si10s = TCaN2C10N4 (11)
S115 = YC13CsCaN1 (60)

260 0.06 259 | Sz01 = 1C1C2C3Ca — TC3C2C1C7 (17) tCCCC, yCCCO
S112 = 1C1CC3Cs + 1CaC3C4Cs + TC3C2C1C7 + yCeCsCo04
(62)

225 0.05 226 | Sog = TC3C4CsCs + 1C2C3C4C5 (76) TCCCC

223 0.001 224 | S113 = yC14CoC10N2 + yC15C11C12N3 (58) yCCCN

212 16 214 | Seo = 5C12N3C1s (27) B8CNC, 8CCN
S79 = 8C12N3Cis— 8C11C10N2 (43)

159 3 163 | Soz = tC11N3CisH1sa + TC11N3C1sH158 + TC11N3CisHisc TCNCH, TCNCN
(12)
S10s = TCaN2C10N4 (42)

125 8 131 | S101 = tC1C2C3Ca — TC3C2C1Cr (12) TCCCC, TCNCN,
S106 = TCsN1CoN2 (22) TCCNC, YCCCN,
3115 = YC13C5C9N1 (10) ‘\{CNCN
S117 = 1C11C10N4C12 — yC14CoC10N2 + yC15C11C12N3 —
YC10N4C11N2 (14)

121 2 127 | S101 = 1C1C2C3Ca — 1C3C2C1C7 (35) TCCCC, TCCNC,
S117 = 1C11C10N4C12 — yC14CoC10N2 + yC15C11C12N3 — YCCCN, yCNCN
YC10NaC11N> (11)

115 0.06 121 | Sgs = TC10N2C14H14a + TC10N2C14H148 + TC10N2C1aH14c TCNCH, TCNCN,
(27) TCCNC, yCCCN,
Sg9 = TCgN1C13H13a + TCsN1C13H13s + TCsN1CisH13c (14) | yCNCN
S92 = 1C11N3C15H15A + TC11N3C1sH1ss + TC11N3CasH1sc
(11)
S106 = TCsN1CoN2 (10)
S117 = 1C11C10N4C12 — yC14CoC10N2 + yC15C11C12N3 —
yC10N4C11N> (17)

111 8 117 | S17 = vNaHa (55) vNH

110 0.02 116 | Sse = TC10N2C14H14a + TC10N2C14H148 + TC10N2C1aH14c TCNCH,
(53) YCCCN
Sgo = TCsN1C13H13a + TCsN1Ci3H13s + TCsN1CasH13c (15)
S113 = yC14CsC10N2 + yC15C11C12N3 (11)

88 2 95 | Si0s = TC10N2CoN1 + TCsN1CoN2 (46) TCNCN

S10s = TCaN2C10N4 (11)

181




78 0.05 86 | Sg6 = TN3C12N4Hs — TC10N4aH401 + TC2C1C701 — TNCNH, tCNHO,
1C701HaN4 (55) TCCCO, TCOHN,
5103 = TC10N4H401 + ‘[CTOlHaNa - ‘EC1C701H4 (11) TCCOH

77 0.4 85 | Sa7 = 6C12NaHa— 8NaHa01 — 8C701Ha (68) OCNH, dNHO,

0COH

74 0.6 82 | Sgg = tCsN1Ci3H13a + TCsN1Ci3H13s + TCeN1Ci3H13c (47) TCNCH, TCNCN
S106 = TCsN1CoN2 (22)

65 0.4 73 | Soz = TC11N3CisH1sa + TC11N3CisH1sg + TC11N3CasHisc TCNCH
(59)

44 2 53 | Sg2 = 1C110201H4 + TC10NaH401 + TC7C1HaNa4 (57) TCOOH, TCNHO,
5103 = TCgNszNq (16) TCCHN, TCNCN

34 2 44 | Sg1 = 6C12N4H4+ SN4C401 (69) OCNH, 3NCO,
S70 = 0C701H4 — 8N4H401 (15) &COH, SNHO

19 0.4 30 | S10a = tC10NaH401 — TN3C12NaH4 + 1C2C1C701 + TCNHO, TNCNH,
1C701HaN4 (67) TCCCO, TCOHN

13 0.3 24 | Sg6 = TN3C12NaHa — TC10N2aH401 + TC2C1C701 — TNCNH, TCNHO,
tC701HaN4 (13) TCCCO, TCOHN,
S103 = TC10N4H401 + TC701HaNs — 1C1C701H4 (57) TCCOH
S107 = TC701HaN4 (14)

@ wavenumbers (cm™); vs — very strong, s — strong, m — medium, w — weak, vw — very weak, sh — shoulder;
b Calculated infrared intensities in km-mol;

©Scaling Eqgs. Vpred = 0.9536Vcalc + 11.5; r = 0.9996;

4 PED - the potential energy distribution, % in bracket;

¢ Abbreviations: v — stretching, & — in-plane deformation, y — out-of-plane deformation, t — torsion;
f Absent in the theoretical spectrum.

Tab. S13. Internal coordinates (PED) used in the normal modes analysis for CAF-26DHBA (lla), calculated
frequencies, PED (%) and descriptions.

Local group coordinates Calculated frequencies (cm™), PED (%) Descriptions?
S1=v03Hs 3645 (99) vOH
S2 = vO4Haa 3404 (99) vOH
S3=vOiHa 2606 (88) vOH
S4=vCi2H12 3278 (99) vCH
Ss = vCi3H13a — vCasHisc 3152 (100) vCH
Se = vCi3Hi3s 3197 (81), 3080 (19) vCH
S7=vCizHi3a + vCizHiac 3197 (19), 3080 (81) vCH
Sg=VCiaH1an 3195 (87), 3065 (13) vCH
Sg = vCi4H14s — vCi4H1ac 3136 (100) vCH
S10 = vCi4H148 + vCaaH1ac 3195 (13), 3065 (87) vCH
S11 = vCisH1sa — vCisHise 3166 (100) vCH
S12 = vCisHasa + vCasHise — vCisHasc 3179 (99) vCH
S13 = vCasH1sa + vCisHiss + vCisHasc 3082 (99) vCH
S14 = vCsHs' — vC3H3' 3218 (95) vCH
Sis = vCsHs' + vCzH3 3223 (85), 3185 (10) vCH
S16 = vCaHa 3185 (90) vCH
S17 = vNaHs 2606 (10) 111 (55) vNH
Si18 = vC90s — vCsOs 1756 (71) vCO
S19 = vCq0g + vCs0s 1793 (73) vCO
S20 = vC702 1728 (47) vCO
S21 = vC10C11 — vCioN2 1674 (68) vCC, vCN
S22 = vC1aN4 1428 (10), 1382 (33) vCN
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S23 = vC1aN3 1567 (17), 1558 (26), 1411 (11), 1098 (12) | vCN

S24 = vCaCs — vCiCe 1446 (15), 1350 (33), 1079 (10) vCC

S25= vCaCs 1267 (17), 1079 (13) vee

S26 = VC2C3 + vCsCe + VC702 1689 (43), 1301 (16), 772 (11) vCC, vCO

S27 = vC3Ca + vCaCs 1689 (12), 1084 (43), 614 (11) vCC

S28 = vC10N4 1472 (13), 1331 (14), 1213 (11) vCN

Sz = vC10C11 + vC10N2 1608 (13) vCC, VCN

S20=vC01 1411 (10), 1301 (20), 1146 (25), 834 (12) | vCO

S31 = vCi1Ca + vCaCs — vCaCy 1639 (58), 1191 (11) vCC

S32 = vCs0a — vC203 1267 (25), 1079 (41) vCN

S33 = vC203 + vCe0a 1398 (13), 1360 (24), 772 (11), 614 (10) | vCO

S3z4 = VCoN2 1608 (10), 1090 (12), 563 (10), 484 (17) vCN

S35 = vCoN1 1058 (16), 563 (13), 455 (10) vCN

S36 = vCi1Cr 614 (13), 394 (12) vCC

S37=vCsN1 + vCiaNa 1286 (16), 1058 (11), 1016 (10) vCN

S35 = vC1N; 1331 (16), 1244 (18), 1058 (13), 1016 (21) | vCN

Ss0 = vCasNs 1244 (12), 774 (19), 660 (11) VN

Sa0 = vC13N1 1244 (14), 1090 (13), 1016 (20), 960 (15) | vCN

Sa1 = 8C2C3C4 + dCaC4Cs+ 3CaCsCe 1537 (15), 1360 (23), 614 (18), 449 (10) dCCC

S42 = 8C11C10Na — 8C11C10N2 1608 (20), 840 (11) 8CCC

S43 = 8C3C203 + 6C1C701 + 6C5C04 449 (27), 435 (16), 404 (12), 394 (21) 8CCO

Saa= 8CgN1Cs — dN4C12N3 660 (30) OCNC, SNCN

Sas = 6C203H3 1446 (20), 1350 (22) 6COH

Sas = 5Ce0aHan 1537 (26), 1446 (19), 1360 (10), 1301 (13) | 5COH

Saz = 8C12NaHa — SN4H401 — 8C701H4 77 (68) 8CNH, 3NHO,
OCOH

Sag= ON3C12H12 1213 (42) ONCH

Sag = 8H13aC13H13c 1503 (44), 1501 (23), 1286 (10) SHCH

Sso = 8H13aC13H13c + 8H13aC13Ha3s 1439 (50) SHCH

Ss1 = 8H138C13H13c — dH13aC13H138 1486 (73), 1152 (10), 1150 (16) SHCH

Ssa2 = 8H14aC14H148 + SH14aC1aH14c 1428 (54) SHCH

Ss3 = OH14aC1aH 148 1496 (73), 1152 (16), 1150 (10) SHCH

Ssa = OH148C1aH14ac + SH15aC15H15¢ — 1510 (57), 1098 (14) OHCH

OH15aCisH1se

Sss = 8H15aC15H15¢ — SH1s8CasH15¢ 1471 (71), 1148 (29) SHCH

Ss6 = OH158C15H15¢ + dH148C1aH 14 — 1493 (45) OHCH

OH15aC15H1s8

Ss7 = 6H15aC15H 158 + BH148C1aH14c — 1454 (83) SHCH

OH15aCisH1sc

Ssg = & C4CsHs — 5C4C3H3' — SC3CaH 4 1191 (75) 6CCH

Sso = 6C4CsHs + 3CaCsH3 1537 (21), 1301 (13), 1146 (22), 1084 (26) | 83CCH

Se0 = 5C3CaHar 1501 (10), 1350 (13), 1267 (27), 1079 (15) | 5CCH

Se1 = 8C12NaHa + 3N4CaO1 34 (69) S8CNH, 3NCO

Se2 = 8N1C90s — 3CsN2C10 840 (20), 455 (24) 3NCO, 8CNC

Se3 = 8C11Cs0s 774 (12), 404 (35), 394 (11) 5CCO

Se4= ON4aC12N3 + 6CaN1Cs 1273 (13), 840 (10) SNCN, 3CNC

Se5 = 8C3C4Cs — 6CaCsCs + 501C702 834 (51) 6CCC, 60CO

Ses = 8C2C1C7 340 (48) dCCC

Se7 = 8C2C3Ca + 8CaCsCs+ 5O01C702 772 (43), 614 (23) 8CCC, 30CO
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Ses = 3C10N4Ci2 1090 (11), 1058 (12), 960 (16) 6CNC

Ses = 8C12N3C1s 563 (13), 404 (10), 212 (27) 8CNC

S70 = 8C701Ha — 6N4H401 1728 (13), 1567 (23), 1558 (13), 34 (15) 6COH, 8NHO
S71= 8C1C2C3 + 8C2C1C7 394 (10), 340 (16) 3CcC

S72 = 8Cs5C604— OC1C701 455 (22), 454 (41) 8CCO

S73= 8C4CsCe— 8C2C3Cs— 8C1C701— 8CsCe04 | 593 (73) 8CCC, 8CCO
+0C3C203

S74 = 8CoN2Cao 1331 (16), 435 (23) S8CNC

S7s= 6N1CsN2 484 (23) SNCN

S76 = 0CaCsCs — dC2C3Ca 1079 (10), 539 (66) oCCC

S77 = 8CoN2Cia 312 (64) S8CNC
S78=8CsN1C13 371 (56), 312 (12) OCNC

S79 = 8C12N3C15 — 8C11C10N2 435 (10), 212 (43) S8CNC, 3CCN
Sgo = TC1C203H3 — TC10N4C12N3 625 (14), 623 (61) TCCOH, TCNCN
Ss1 = 7C701C102 805 (10), 801 (55) yCOCO

Sga = 1C110201Ha + TC10NaH401 + 1C7C1HaNs | 44 (57) 7COOH, TCNHO,
TCCHN
Sgz = TC10N4aCi12H12 881 (87) TCNCH
Sga = TCa8N1C13H13a — TCsN1C13H13c 1503 (15), 1286 (22), 1058 (18) TCNCH
Sas = TCsN1C13H13a — TCsN1C13H138 — 1486 (27), 1150 (66) TCNCH
TC10N2C14H14a + TC10N2C14H 148
Sgs = TC10N2C14H14a + TC10N2C1aH148 + 115 (27), 110 (53) TCNCH
1C10N2C1aH1ac
Sg7 = TC10N2C1aH148 — TC10N2C14H14A 1496 (27), 1152 (66) TCNCH
Sgg = tC10N2C14H148 — TC10N2C14H14c 1510 (10), 1273 (15), 1213 (10), 1090 (21) | tCNCH
Sas = TC8N1C13H13a + TCsN1C13H138 + 115 (14), 110 (15), 74 (47) TCNCH
TCsN1CizHasc
Sa0 = TC11N3C15H1sc — TC11N3CisH1sa 1471 (29), 1148 (69) TCNCH
So1= 1C1aN3CasH1ss — TC11N3CasHisa 1510 (11), 1098 (47) TCNCH
Soz = TC11N3CisH1sa + TC11N3CisHise + 159 (12), 115 (11), 65 (59) TCNCH
TC11N3CasH1sc
Sg3 = TC3C4CsHs' + TCsCaCaH3 871 (83), 634 (12) TCCCH
Sg4 = TC2C3C4Ha + TC5CaC3H3y — tC3CaCsHs 805 (40), 801 (15), 763 (17), 702 (10) TCCCH
Sos = 1C2C3C4Ha — TC3C4CsHs 988 (75), 480 (16) TCCCH

So6 = TN3C12NaHa — 1C10NaH401 + 1C2C1C701
— 1C701HaNg

78 (55), 13 (13)

TNCNH, TCNHO,
1CCCO, tCOHN

Sg7 = TC11C10N4aC12 + TC10NaC11N2 —
TCgN1C110s

703 (44), 702 (33)

TCCNC, TCNCN,
TCNCO

Sog = TC3CaCsCs + TC2C3C4Cs 225 (76) 1CCCC
Sgg = TCsC5CaC3 — TC2C3CaCs 988 (19), 480 (66) 1CCCC
S100 = TC2C3C103 — TC6Cs5C104 — TC2C3C4Cs 805 (36), 703 (16), 702 (21) TCCCO, tCCCC
S101 = t€C1C2C3Cs — 1C3C2C1C 260 (17), 125 (12), 121 (35) 1CCCC

S102 = TC1C203H3 + TC10N4C12N3

625 (59), 623 (14)

TCCOH, TCNCN

S103 = TC10NaH401 + TC701HaN4 — TC1C701Ha

1087 (20), 78 (11), 13 (57)

TCNHO, TCOHN,
1CCOH

S104 = TC10NaH401 — TN3C12NaHa + TC2C1C701
+ 1C701H4Na

19 (67)

TCNHO, TNCNH,
1CCCO, tCOHN

S10s5 = TC10N2CsN1 + TCsN1CsN2

272 (10), 88 (46)

TCNCN

S106 = TCsN1CoN2

125 (25), 115 (10), 74 (22)

TCNCN
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S107 = TC701HaNg 1087 (72), 13 (14) TCOHN

Si08 = TCoN2Ci0Na 272 (11), 159 (42), 88 (11), 44 (16) TCNCN

S109 = TC11C10NaC12 — yC12N4C11N2 + 760 (75) TCCNC, YCNCN,
YCsN1N206 YCNCN

S110 = YCoN1N206 + yCaN1C1105 766 (92) vyCNNO, yYCNCO
S111 = YCeC5C104 + yC2C3C103 871 (14), 634 (64) yCCCO

S112 = TC1C2C3C4 + TC2C3CaCs + TC3C2C1C7 + | 260 (62) TCCCC, yCCCOo

YCsCsC204

S113 = YC14CsC10N2 + yC15C11C12N3 223 (58), 110 (11) yCCCN
S114 = YC15C11C12N3 — yC14C9C10N2 + 365 (66) yCCCN, YCNCN,
yC10N4aC11N2 — tC11C10NaCr2 TCCNC
S115 = yC13CeCoN1 272 (60), 125 (10) yCCCN

S116 = TC1C604Han + yC701C102

801 (15), 763 (66)

yCCOH, yCOCO

S117 = 1C11C10N4aC12 — yC14CoCroN> +
YC15C11C12N3 — yC10N4C11N2

365 (12), 125 (14), 121 (11), 115 (17)

TCCNC, yCCCN,
YCNCN

?v —stretching, d — in-plane deformation, y — out-of-plane deformation, t - torsion.
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Fig. S4. DSC curve of TBR-26DHBA (I).
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yw. Jestem do korespondencji. Swoj udzialw,. ie tej pracy iam na p ie 70%.

[A3] M. Goldyn*, D. Larowska, E. Bartoszak-Adamska, Novel purine alkaloid cocrystals with trimesic and
hemimellitic acids as coformers: synthetic approach and supramolecular analysis, Crystal Growth & Design, 21
(1), 2021, 396-413

Moj udzial w pracy [A3] obejmowatl opracowanie k pcji pracy, zaprojek ic i przeprowadzenie syntez kompleksow molekularnych,

wykonanie pomiaréw rentgenowskich razem z charakterystyka struktumlnq otrzymanych ukfadow, mterpretaqe i dyskuSJq otrzymanych

wynikow, przeglad lits Y, przyg ie i korektg yptu opracowame czgécn gr. oraz danych do

oplsanych struktur w bazie krystalograficznej CSD. Bylem dpowiedzialny za korespondencij¢ z edy oraz korekt¢ publikacji zgodnie z
ag; . Jestem dok d . Swoj udzial w powstanie tej pracy oceniam na poziomie 85%.

[A4] M. Goldyn*, A. Komasa, M. Pawlaczyk, A. Lewandowska, E. Bartoszak-Adamska, Salts of purine
alkaloids caffeine and theobromine with 2,6-dihydroxybenzoic acid as coformer: structural, theoretical, thermal
and spectroscopic studies, Acta Crystallographica Section C: Structural Chemistry, 77, 2021, 713-724

q

Mo6j udziat w pracy [A4] obejmowat opracowame koncepcji i koordynacj¢ przebiegu pracy, zaprojek ie i przepi
kokrystalizacji metodg rozt 3, oraz z wykor iem mikrofal, wykonanie pomiaréw rentgenowskich razem z
charakterystyka strukturalng otrzymanych ukladow, interpretacje i dyskus_]e otrzymanych wymkéw przygotowanie i korekt¢ manuskryptu
wraz z czgscig graficzng, zdeponowanie danych w bazne krystalografi j CSD. Bylem odp: dzialny za korespondencij¢ z edytorem oraz

wprowadzenie poprawek do kryptu z iami . Jestem do k p Swéj udzial w powstanie
tej pracy oceniam na poziomie 70%.

Mt {oﬁ"/g%

Podpis promotora pracy doktorskiej
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Poznan, dnia 02 4 42 "2/0222 &,

Prof. UAM dr hab. Elzbieta Bartoszak-Adamska
Wydzial Chemii

Uniwersytetu im. Adama Mickiewicza

ul. Uniwersytetu Poznanskiego 8

61-614 Poznan

Oswiadczenie o wspolautorstwie

Oswiadczam, iz w ponizszych pracach:

[A1] M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Theobromine cocrystals with
monohydroxybenzoic acids — synthesis, X-ray structural analysis, solubility and thermal properties,
CrystEngComm, 21 (38), 2019, 5721-5732

[A2] M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Synthon hierarchy in
theobromine cocrystals with hydroxybenzoic acids as coformers, CrystEngComm, 21 (48), 2019,
7373-7388

[A3] M. Goldyn*, D. Larowska, E. Bartoszak-Adamska, Novel purine alkaloid cocrystals with
trimesic and hemimellitic acids as coformers: synthetic approach and supramolecular analysis,
Crystal Growth & Design, 21 (1), 2021, 396-413

[A4] M. Goldyn*, A. Komasa, M. Pawlaczyk, A. Lewandowska, E. Bartoszak-Adamska, Salts of
purine alkaloids caffeine and theobromine with 2,6-dihydroxybenzoic acid as coformer: structural,
theoretical, thermal and spectroscopic studies, Acta Crystallographica Section C: Structural
Chemistry, 77, 2021, 713-724

méj udzial polegat na nadzorowaniu badan prowadzonych przez Doktoranta, konsultacji podczas
interpretacji oraz dyskusji wynikéw, korekcie jezykowej oraz krytycznej ocenie manuskryptu pod
katem merytorycznym. Swoj udziat w pracach [A1] oraz [A4] szacuj¢ na 5%, a w pracach [A2] i [A3]
na 10%. Oswiadczam, iz wktad mgr. Mateusza Goldyna w powyzszych pracach byt wiodacy.

Prof. UAM dr hab. Elzbieta Bartoszak-Adamska
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mgr Daria Larowska-Zarych

Wydzial Chemii

Uniwersytetu im. Adama Mickiewicza
ul. Uniwersytetu Poznanskiego 8
61-614 Poznan

Oswiadczenie o wspolautorstwie

Oswiadczam, iz w ponizszych pracach:

[A1] M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Theobromine cocrystals with
monohydroxybenzoic acids — synthesis, X-ray structural analysis, solubility and thermal properties,
CrystEngComm, 21 (38), 2019, 5721-5732

moj udziat polegat na przeprowadzeniu oraz interpretacji pomiarow spektroskopowych UV-Vis, a takze
wykonaniu i interpretacji pomiaréw TGA i DSC. Bratam réwniez udzial w korekcie tekstu obu
manuskryptéw oraz dyskusji wynikoéw. Swoj udziat w tej pracy szacujg na 15%.

[A2] M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Synthon hierarchy in theobromine
cocrystals with hydroxybenzoic acids as coformers, CrystEngComm, 21 (48), 2019, 7373-7388

méj udziat polegat na przeprowadzeniu i interpretacji pomiaréw spektroskopowych UV-Vis, a takze
interpretacji pomiaréw TGA i DSC. Bratam réwniez udziat w korekcie tekstu obu manuskryptow oraz
dyskusji wynikéw. Swéj udziat w niniejszej pracy szacujg na 10%.

[A3] M. Goldyn*, D. Larowska, E. Bartoszak-Adamska, Novel purine alkaloid cocrystals with trimesic
and hemimellitic acids as coformers: synthetic approach and supramolecular analysis, Crystal Growth
& Design, 21 (1), 2021, 396-413 .

méj udziat polegat na przeprowadzeniu badan spektroskopowych UV-Vis oraz dyskusji wynikéw w

tym zakresie. Swoj udziat w tej pracy szacuje na 5%.
0 mgr Daria Larowslfa-ZZEW
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Prof. UAM dr hab. Anna Komasa
Wydzial Chemii

Uniwersytetu im. Adama Mickiewicza
ul. Uniwersytetu Poznanskiego 8
61-614 Poznan

Oswiadczenie o wspélautorstwie

Oswiadczam, iz w ponizszej pracy:

[A4] M. Goldyn*, A. Komasa, M. Pawlaczyk, A. Lewandowska, E. Bartoszak-Adamska, Salts of purine
alkaloids caffeine and theobromine with 2,6-dihydroxybenzoic acid as coformer: structural, theoretical,
thermal and spectroscopic studies, Acta Crystallographica Section C: Structural Chemistry, 77, 2021,
713-724

modj udzial polegal na przeprowadzeniu pomiaréw spektroskopowych FT-IR oraz obliczen
teoretycznych dla omawianych kompleksow na podstawie wspolrzgdnych ortogonalnych
wyznaczonych z pomiaréw rentgenowskich. Bralam réwniez udziat w korekcie tekstu niniejszego
manuskryptu. Swoj udziat w pracy szacujg¢ na 15%.

[47%,(2/ %Wzg_
Prof. UAM dr hab. Anna Komasa
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dr inz. Mateusz Pawlaczyk

Wyadziat Chemii

Uniwersytetu im. Adama Mickiewicza
ul. Uniwersytetu Poznanskiego 8
61-614 Poznan

Oswiadczenie o wspolautorstwie

Oséwiadczam, iz w ponizszej pracy:

[A4] M. Goldyn*, A. Komasa, M. Pawlaczyk, A. Lewandowska, E. Bartoszak-Adamska, Salts of purine
alkaloids caffeine and theobromine with 2,6-dihydroxybenzoic acid as coformer: structural, theoretical,
thermal and spectroscopic studies, Acta Crystallographica Section C: Structural Chemistry, 77, 2021,
713-724

mdj udzial polegal na okresleniu rozpuszczalnosci badanych komplekséw na podstawie pomiaréw
spektroskopowych UV-vis oraz dyskusji uzyskanych wynikow. Swoj udziat w pracy [A4] szacuj¢ na
5%.

MO&QU @ Rw Lccuill

dr inz. Mateusz Pawlaczyk
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Poznan, dnia 2 1. AN, QXA

mgr Weronika Nowak

Wydzial Chemii

Uniwersytetu im. Adama Mickiewicza
ul. Uniwersytetu Poznanskiego 8
61-614 Poznan

Oswiadczenie o wspolautorstwie

Oswiadczam, iz w ponizszych pracach:

[A1] M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Theobromine cocrystals with
monohydroxybenzoic acids — synthesis. X-ray structural analysis, solubility and thermal properties,
CrystEngComm, 21 (38), 2019, 5721-5732

mdj udzial polegal na prowadzeniu krystalizacji metoda powolnego odparowania z roztworu na
podstawie wezesniej zaprojektowanych syntez. Swoj udziat w niniejszej pracy szacuje na 5%.

[A2] M. Goldyn*, D. Larowska, W. Nowak, E. Bartoszak-Adamska, Synthon hierarchy in theobromine
cocrystals with hydroxybenzoic acids as coformers, CrystEngComm, 21 (48), 2019, 7373-7388

méj udziat polegat na prowadzeniu krystalizacji metoda powolnego odparowania z roztworu oraz
metoda mechanochemiczng na podstawie wezesniej zaprojektowanych eksperymentéw. Bratam
rowniez udziat w dyskusji uzyskanych wynikéw. Swdj udziat w niniejszej pracy szacuje na 10%.

mgr Weronika Nowak
Woouko. (HoiQk
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Poznan, dnia 28.01.2023

mgr Aneta Lewandowska

Instytut Technologii i Inzynierii Chemicznej
Wydziat Technologii Chemicznej
Politechnika Poznanska

ul. Berdychowo 4

60-695 Poznan

Oswiadczenie o wspélautorstwie

Oswiadczam, iz w ponizszej pracy:

[A4] M. Goldyn*, A. Komasa, M. Pawlaczyk, A. Lewandowska, E. Bartoszak-Adamska, Salts of purine
alkaloids caffeine and theobromine with 2, 6-dihydroxybenzoic acid as coformer: structural, theoretical,
thermal and spectroscopic studies, Acta Crystallographica Section C: Structural Chemistry, 77, 2021,
713-724

moj udzial polegal na przeprowadzeniu i interpretacji pomiaréow TGA i DSC. Bratam réwniez udziat w
korekcie tekstu oraz dyskusji wynikow w zakresie stabilnosci termicznej opisywanych zwiazkow. Swéj
udzial w pracy [A4] szacuj¢ na 5%.

mgr Aneta Lewandowska

QWAO\ mZ‘Noﬂf\c(o w}w\
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