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1 STRESZCZENIE PRACY W JEZYKU POLSKIM

Celem tej pracy byta synteza i analiza nowych molekularnych makrocykli i klatek
opartych na odwracalnym wigzaniu disulfidowym.

Synteza funkcjonalnych architektur molekularnych stanowi intrygujace wyzwanie
badawcze ze wzgledu na liczne zastosowania takich struktur jako receptory chemiczne,
kontenery do transportu czy rozpoznania molekularnego lub dostarczanie lekow. Pomimo
postepu w badaniu takich uktadow, wcigz znanych jest niewiele przyktadéw stabilnych,
a jednoczes$nie dynamicznych i rozpuszczalnych w wodzie struktur tego typu. Dynamiczna
chemia kombinatoryczna (DCC) jest skuteczng metodg generowania ztozonych architektur
kowalencyjnych, ktore sa zazwyczaj niezwykle trudne do uzyskania w drodze klasycznej
syntezy. Disulfidy to jedne z najbardziej uniwersalnych rodzajow odwracalnych wigzan
kowalencyjnych, ktore mozna stosowa¢ w DCC; dynamiczne, symetryczne, stabilne
i inspirowane uktadami biologicznymi.

Pierwsza czgs¢ pracy zostata poswigcona syntezie i analizie pigciu dimerycznych
klatek molekularnych rozpuszczalnych w wodzie. Trzy strukturalnie rézne, tritiolowe bloki
budulcowe o symetrii C3 i wzrastajacym rozmiarze centralnej platformy aromatycznej
dopasowuja si¢ do siebie tak, ze sposrod licznych mozliwych produktow
kombinatorycznych, w warunkach dynamicznych, powstaja wyltgcznie dimeryczne
produkty klatkowe. Biblioteki kombinatoryczne zawierajace pary komponentéw wykazuja
czgSciowe samosortowanie strukturalne produktéw. Przedstawiono pelny opis syntezy
i analiz¢ spektroskopowa kazdej wyizolowanej klatki. Zaprezentowano takze oryginalne
badania kinetyczne, ktére sledzg proces formowania si¢ kazdej z klatek w czasie oraz daja
wglad w mechanizm tych reakcji poprzez identyfikacje produktow posrednich. Dodatkowo
przedstawiono potencjat aplikacyjny otrzymanych struktur jako fluorescencyjne sensory
wybranych lantanowcoéw w wodzie.

W drugiej czeSci opisano metod¢ modyfikowania rozpuszczalnosci ztozonych
multidynamicznych klatek molekularnych. Opracowana $ciezka syntezy umozliwia tatwa
I wydajng modyfikacj¢ blokéw budulcowych o dodatkowy tancuch boczny. W ten sposob
wprowadzono nowa funkcjonalnos¢ do struktury catej klatki. W efekcie otrzymano
i scharakteryzowano dwie nowe wielosktadnikowe klatki molekularne o zréznicowane;j
polarnosci i wlasciwosciach fluorescencyjnych. Zastosowana metoda modulowania
rozpuszczalno$ci pozwolita na otrzymanie i analize tego rodzaju architektur w dwoch

skrajnie r6znych srodowiskach tj. wodzie i chloroformie.



W ostatniej czesci pokazano zupetnie nowe podejscie do stymulowania biblioteki
dynamicznych makrocykli disulfidowych poprzez wykorzystanie hydrolizy imidow in situ.
Zastosowanie syntezy wspomaganej mikrofalami doprowadzito do otrzymania
interesujgcego aromatycznego ditiolowego bloku budulcowego zawierajgcego grupy
imidowe. Hydroliza tych grup w tagodnych warunkach zasadowych uwolnita
nieoczekiwang labilnos¢ konformacyjna komponentu, ktéra zaowocowata roéznorodng
strukturalnie bibliotekg disulfidowych produktow makrocyklicznych. Na tej podstawie
opracowano metode kontroli tego zjawiska poprzez dobor odpowiedniego pH
I przez dodatek DMSO. Zastosowanie opracowanej metodologii doprowadzito
do rozszerzenia roznorodnosci strukturalnej produktéw z prostych dimeréw do tri-

i tetramerycznych makrocykli.



2 STRESZCZENIE PRACY W JEZYKU ANGIELSKIM

The aim of this thesis was the synthesis and analysis of the new molecular
macrocycles and cage-like systems based on reversible disulfide bonds.

The synthesis of functional architectures continues to pose an intriguing challenge
due to the numerous applications of such structures as chemical receptors, hosts for
molecular transport and recognition as well as drug delivery. Despite enormous progress
in the development of this type of systems, examples of stable, yet dynamic and water-
soluble structures are still very scarce. Dynamic combinatorial chemistry (DCC) is an
effective approach to generate complex covalent assemblies which are extremely difficult
to obtain via the traditional synthetic procedures. Disulfides are one of the most universal
type of covalent reversible bonds for DCC as they are dynamic, symmetric, stable
and bio-inspired.

The first part of this work deals with the synthesis and analysis of five different
water-soluble dimeric molecular cages. The three different trithiol building blocks of C3
symmetry and increasing size react with each other under dynamic conditions which results
in exclusive dimeric cage-like products (among possible combinatorial structures).
Combinatorial libraries containing pairs of components show a partial structural self-
sorting between generated products. A full description of the synthesis and spectroscopic
analysis of each isolated cage is provided. This part also discusses some original kinetic
studies that investigate the formation process of each particular cage over time and provide
insights into the mechanism of these processes by the identification of intermediate
products. Additionally, the application potential of the obtained structures is presented as
fluorescent sensors of selected lanthanides in water.

The second part presents the method of solubility tuning in multi-dynamic
molecular cages. The designed synthesis pathway allows one of the building blocks to be
easily and efficiently modified with an additional side chain. In consequence, this new
functionality was introduced to the structure of the entire cage. That way, two new multi-
component molecular cages with various polarity and fluorescent properties were obtained.
The application of this solubility-tuning method resulted in the synthesis and analysis of
those cages in two extremely different environments i.e. water and chloroform.

The last part presents an unorthodox approach to stimulating a dynamic library of
disulfide macrocycles by using in situ imide hydrolysis. The use of microwave-assisted

synthesis has resulted in an interesting, aromatic dithiol building block containing imide



groups. The hydrolysis of those imide groups under mild basic conditions caused
unexpected conformational flexibility of this component that led to a significant increase
in the library structural complexity. That served as a basis for the development of the
original method of controlling this phenomenon by selecting an appropriate pH and the
addition of DMSO. The application of this new method resulted in the expansion
of the structural diversity in dynamic products from simple dimers to numerous tri- and

tetrameric macrocycles.
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4 WYKAZ STOSOWANYCH SKROTOW

Skroty chemiczne

CH:ClI; — dichlorometan

CHCI3/CDClIs — chloroform/chloroform deuterowany
DABCO - 1,4-diazabicyklo[2.2.2]oktan

DCC — N,N'-dicykloheksylokarbodiimid

DMAP — 4-dimetyloaminopirydyna

DMF — N,N -dimetyloformamid

DMSO/DMSO-d6 — dimetylosulfotlenek/deuterowany dimetylosulfotlenek
DNA — kwas deoksyrybonukleinowy

EDC-HCI - chlorowodorek N-etylo-N -(3-dimetyloaminopropylo)karbodiimidu
EtsN — trietyloamina

H.0/D>0 — woda/woda deuterowana

HMPT — heksametylofosforotriamid

HOBt — hydroksybenzotriazol

MeCN — acetonitryl

MeOH/CD30D — metanol/metanol deuterowany
NHS — N-hydroksyimid kwasu bursztynowego
p.p.m. — czgséci na milion (ang. parts per million)
TFA — kwas trifluorooctowy

THF — tetrahydrofuran

TIPS — triizopropylosilan

TPE - 1,1,2,2-tetrafenyloetylen

Skroty pojec

AIE — emisja fluorescencji wywolana agregacja (ang. aggregation induced emission)
DCC — dynamiczna chemia kombinatoryczna (ang. dynamic combinatorial chemistry)
DCL - dynamiczna biblioteka kombinatoryczna (ang. dynamic combinatorial library)

RPA — wzgledna powierzchnia piku (ang. relative peak area)
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Techniki analityczne

'H NMR - spektroskopia magnetycznego rezonansu jadrowego protondéw (ang. proton
Nuclear Magnetic Resonance)

13C NMR - spektroskopia magnetycznego rezonansu jadrowego wegla *C (ang. carbon-
13 Nuclear Magnetic Resonance)

1D i 2D NMR — jednowymiarowa i dwuwymiarowa spektroskopia magnetycznego
rezonansu jadrowego (ang. one-dimensional, two-dimensional)

COSY - spektroskopia korelacyjna (ang. correlation spectroscopy)

DOSY - spektroskopia dyfuzyjna (ang. diffusion-ordered spectroscopy)

EDS — spektroskopia z dyspersja energii (ang. energy dispersive spectroscopy)

HPLC — wysokosprawna chromatografia cieczowa (ang. high-performance liquid
chromatography)

ICP-MS — spektrometria mas sprzgzona z plazma wzbudzang indukcyjnie

(ang. inductively coupled plasma — mass spectrometry)

LC-MS — chromatografia cieczowa sprzgzona ze spektrometrig mas (ang. liquid
chromatography — mass spectrometry)

SEM - skaningowa mikroskopia elektronowa (ang. scanning electron microscope)

UV-Vis — spektroskopia absorpcyjna w swietle ultrafioletowym i widzialnym
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5 WPROWADZENIE

5.1 Dynamiczna chemia kombinatoryczna

Dynamiczna chemia kombinatoryczna — (ang. dynamic combinatorial chemistry,
DCC) - to podejscie metodologiczne i eksperymentalne, stuzagce do syntezy
skomplikowanych struktur supramolekularnych i molekularnych, ktore zazwyczaj trudno
otrzyma¢ na drodze klasycznej syntezy organicznej. DCC trudno jednoznacznie
umiejscowi¢ i zdefiniowaé poniewaz jest to wielowymiarowe podejscie, ktore Igczy
w sobie cechy klasycznej chemii molekularnej jak i chemii supramolekularnejt. W chemii
tej wykorzystuje si¢ male czgsteczki chemiczne zwane blokami budulcowymi (lub
komponentami), ktore posiadajg w swej strukturze odpowiednie grupy funkcyjne zdolne
do tworzenia odwracalnych wigzan kowalencyjnych 2z innymi czasteczkami
w odpowiednich warunkach. Bloki budulcowe reaguja ze sobg i tworza mieszaning
produktow w stanie rownowagi (pod kontrolg termodynamiczng), zwang dynamiczng

bibliotekg kombinatoryczng (ang. dynamic combinatorial library, DCL, Rys. 1).

E
)=
templat

o OG0 Ulg

Bloki budulcowe Dynamiczna biblioteka kombinatoryczna Produkt stabilny termodynamicznie

Rys. 1. Schematyczne przedstawienie idei dynamicznej chemii kombinatorycznej

DCC moze wykorzystywa¢ zarowno odwracalne wigzania kowalencyjne (m.in.
iminy, hydrazony, olefiny, disulfidy, Rys. 2), jak i oddziatywania nickowalencyjne, a wigc
supramolekularne. W przypadku zastosowania w DCC wigzan kowalencyjnych mowimy
o dynamicznej chemii kowalencyjnej (ang. dynamic covalent chemistry). Jak powiedziat
noblista, a zarazem jeden z odkrywcow tej dziedziny chemii, prof. Jean-Marie Lehn,
chemia supramolekularna to ,chemia poza czasteczkg” (ang. "chemistry beyond
molecule™). Zgodnie z tg definicjg kowalencyjna DCC w pelni wpisuje si¢ w chemig
supramolekularna, poniewaz wykorzystuje oddziatywania miedzyczasteczkowe?.
Jednakze zgodnie z aktualng definicja chemia supramolekularna dotyczy wykorzystania

wylacznie wigzan niekowalencyjnych?.
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Rys. 2. Wybrane odwracalne wigzania kowalencyjne najczesciej wykorzystywane w DCC

Bloki budulcowe taczg si¢ ze sobg wedlug zasady komplementarnosci (Rys. 3).
Oznacza to, ze zachodzi pomiedzy nimi zasada tzw. klucza-zamka, ktéra wymusza
okreslone rodzaje potaczen, jednocze$nie uniemozliwiajagc inne. Wigkszo$¢
Z wymienionych polaczen kowalencyjnych w DCC powstaje w sposdb niesymetryczny
w reakcji dwoch roznych grup funkcyjnych, np. imina powstaje z aldehydu i aminy.
Jednym z polaczen komplementarnie symetrycznych sa disulfidy, poniewaz to potaczenie
korzysta z dwoch grup tiolowych (-SH). Takie rozrdznienie niesie ze soba istotne
konsekwencje. W przypadku wigzan komplementarnie niesymetrycznych na jednym bloku

budulcowym moga znajdowac si¢ dwie takie same grupy funkcyjne np. aldehydowe.

R—ia + R =— R—l—R
KOMPLEMENTARNOSC SYMETRYCZNA
R=—p> + PR’ =—= R—=—R’

R—iP + 3»—R’ =— R—I»—FR’
KOMPLEMENTARNOSC NIESYMETRYCZNA

Rys. 3.  Schematyczne  przedstawienie  idei  komplementarnosci  symetrycznej
I niesymetrycznej
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Przy projektowaniu komponentéw tiolowych (komplementarnie symetrycznych) istotne
jest takie zaplanowanie struktury bloku budulcowego, tak aby dwie grupy tiolowe
znajdujace si¢ w tej samej czasteczce nie mogly ze sobg reagowac wewnatrzczasteczkowo
poprzez dopasowanie konformacyjne.

Jedng z istotnych cech DCC jest podatno$¢ na zewngtrzng lub wewnetrzng
stymulacje¢ poprzez bodzce fizykochemiczne, ktéore wplywaja na roéznorodnosé
i dystrybucje produktéw w tworzacej si¢ DCL. T¢ podatnos$¢ na bodzce DCC zawdzigcza
swoim wiasciwosciom dynamicznym, gdzie produkty i substraty stale ze sobg reaguja
az do osiagniecia przez uktad rownowagi termodynamiczne;.

Dodatkowa stymulacja uktadu moze odbywac si¢ poprzez bodzce fizyczne, takie

jak temperatura, ci$nienie®, ekspozycja na promieniowanie UV*  sonikacje

ultradzwickami®

itd. Na sposob chemiczny DCL mozna stymulowaé poprzez zmiang
stezenia (stechiometrii) danego bloku budulcowego, poprzez dodanie templatu (wzorca,
ang. template), ktory poprzez oddzialywania niekowalencyjne z wybranym produktem
zwickszy jego stezenie w DCL®® poprzez zmiang pH®, poprzez strukture bloku
budulcowego'® ! lub poprzez inne oddziatywania niekowalencyjne'?

DCC pozwala w stosunkowo tatwy sposob wygenerowaé bogate biblioteki
ztozonych strukturalnie produktow, wigc od lat cieszy si¢ zainteresowaniem ze wzgledu
na liczne potencjalne, jak i juz odkryte zastosowania w dziedzinach takich jak chemiczne
receptory® 4 transport molekularny®®'’,  projektowanie lekéw'®2!, materiaty

funkcjonalne?® 2 czy terapie przeciwnowotworowe (Rys. 4)%,

@ o o o o
Biodegradable oligomer _@_ ;I ;I ;I of
(PBS, PBA, PLA, PEG etc.) § 5 ,o/
\ / Imine bond W2 e of o
722 L e . D |
= & TEGGU,
‘ Water-disintegration | ’ 4\ | Self-healing I (b) _—
e—c—oc—o
in water In dry air TEGGuUs
v +
"‘n »;;,« a/‘l et r Y DCC SOOK
_@ m_ D Biodegradation siRNA :
Oxidative Reductive
Polymerization IDepolymenza H
co2 +H,0
=
MATERIALY FUNKCJONALNE YWOOK
e h concamtnton SiRNA-Nanocaplet
(PTESGuUOSIRNA)

: 04 o', ere LEKI PRZECIWNOWOTWOROWE
Q@ Oép‘: ©
e o ] N R 3
m"rf nnnnn - o ey 25 03 0673 < th‘ HNJ HN. o * \ - ;v’/'\
(19 oo 8% ocee Ee ’M“Ofo R/ © [ 1a-d,X=H, OMe,F, OH e -/ \f
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PROJEKTOWANIE LEKOW WYKRYWANIE ANIONOW — TRANSPORT MOLEKULARNY

Rys. 4. Wybrane przyktady zastosowan DCC
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5.2 Uklady multidynamiczne

Uktady multidynamiczne (ang. multidynamic) powstaja wtedy, gdy w jednym
procesie DCC wykorzystywany jest wiecej niz jeden rodzaj wigzania odwracalnego.
Zastosowanie réznych grup funkcyjnych sprawia, ze bloki budulcowe moga taczy¢ si¢
ze sobg na wigcej sposobdw niz w przypadku zastosowania tylko jednego rodzaju
potaczenia dynamicznego. Celem takiego dziatania jest otrzymanie bardziej zroznicowanej
DCL lub bardziej ztozonego strukturalnie produktu.

Jednoczesne reakcje pomigdzy rdéznymi grupami funkcyjnymi w uktadzie
multidynamicznym moga powodowa¢ wzajemne interakcje dzialajace na korzysc
lub niekorzysé¢ catego procesu. W celu usystematyzowania kompatybilnosci dostgpnych
reakcji odwracalnych w DCC w 2001 r. wprowadzono pojecie ortogonalnoéci wigzan?.
Ortogonalnos¢ definiowana jest jako istnienie takich warunkow, ktore pozwalaja
na dynamiczng wymiane jednego wigzania odwracalnego bez wpltywu na inne w tym
samym uktadzie. Przyktadem ortogonalnej pary wigzan sg disulfidy i acylohydrazony,

gdzie wymiana disulfidowa przebiega najlepiej w warunkach zasadowych, zas formowanie

si¢ acylohydrazonéw wymaga $rodowiska kwasowego?® 27
0
~—"NH
- =
N 96% DMSO, 4% H,0 HN™ = “NNH
+ HZN, j_l/\ (1] s 0 2‘_ __,_,1_,‘_0 fo} O-‘-—__,
Ox 0 = ~—NH
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—=0 07—

Rys. 5. Przyklad zastosowania uktadu podwdjnie dynamicznego do otrzymania
wielosktadnikowej klatki molekularnej®’

5.3 Wiazanie disulfidowe

Wigzanie disulfidowe to w chemii organicznej jedno z podstawowych polaczen
siarki 0 wzorze ogélnym R1-S-S-Rz, w ktorym dwa organiczne atomy siarki sg ze sobg
potaczone pojedynczym wigzaniem kowalencyjnym. Jest to stosunkowo silne wigzanie
0 $redniej energii ok. 250 kJ x mol, stabsze jednak niz wigzanie C-C (ok. 340 kJ xmol™),
czy C-S (ok. 260 kJ x mol )%, Kat torsyjny pomiedzy atomami siarki w disulfidach zawiera
si¢ zazwyczaj w przedziale ok. 90°-100°. Jest to istotna konsekwencja geometryczna, ktora

musi by¢ wzieta pod uwage przy projektowaniu tiolowych blokéw budulcowych.
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Disulfidy otrzymuje si¢ zazwyczaj z odpowiednich tioli (merkaptanow)
w warunkach utleniajacych, uzyskujac produkt symetryczny lub krzyzowy
(niesymetryczny, Rys. 6)?°3! Utlenianie moze zachodzi¢ zgodnie z mechanizmem
dwuelektronowym — jonowo lub jednoelektronowym — rodnikowo. Wiekszo$¢ metod
syntetycznych skoncentrowana jest na otrzymywaniu disulfidow symetrycznych poprzez
utlenienie odpowiedniego tiolu. Otrzymywanie disulfidow krzyzowych jest trudniejsze
ze wzgledu na utrate symetrii W takim produkcie®*3*. Dalsze utlenianie disulfidow
prowadzi do otrzymania sulfotlenkow i sulfonéw (kwaséw sulfonowych). W warunkach

redukujacych disulfidy ulegaja redukcji do sulfidow (tioeterow) lub z powrotem do tioli.

/S\S/RZ _— R/SH + /SH _— /S\ /R‘] + /S\ /RZ

R4 1 R5 R4 S R5 S
produkt niesymetryczny produkty symetryczne

Rys. 6. W zaleznosci od warunkow reakcji utlenianie tioli do disulfidow prowadzi
do otrzymania produktow symetrycznych lub niesymetrycznych

Disulfidy sg intensywnie badane ze wzgledu na swoje ogromne znaczenie
w uktadach biologicznych. Poprzez tworzenie wigzan pomigdzy resztami L-cysteiny
(mostki disiarczkowe) disulfidy odpowiadaja za II i IlI-rzedowa strukture biatek (Rys. 7)%°.
Dynamiczny charakter tego wigzania pozwala na reorganizacj¢ uktadu mostkdw na drodze
dynamicznej wymiany disulfidowej, co prowadzi do zmian konformacyjnych calego biatka
i w efekcie do zmiany jego whasciwosci®®. Drugim fundamentalnym zadaniem disulfidow
w organizmach zywych jest utrzymywanie i regulowanie fizjologicznego potencjatu
redoks. Najpopularniejszym zwigzkiem zawierajagcym siarke w kazdym organizmie jest
glutation (GSH), tripeptyd zawierajacy reszte cysteinowg o wlasciwosciach redukujacych.
Glutation w formie zredukowanej (GSSG) zawierajacej wigzanie disulfidowe obniza stres
oksydacyjny poprzez redukowanie wolnych rodnikow i regenerowanie grup tiolowych

cysteiny w biatkach, ktore ulegty uszkodzeniu®" 38,

>
NH
O:S
lol o N
utlenianie HN - NH
< Y N -~ = <> Ndm)
~ redukcja 0
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>

Rys. 7. Schemat reakcji powstawania wigzan disulfidowych z reszt cysteinowych
W biatkach
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5.4 Dynamiczna wymiana disulfidowa

Dynamiczna wymiana disulfidowa to reakcja pomiedzy disulfidlem R;1-S-S-Ry,
a jonem tiolanowym R3-S°, w ktorej powstaje nowy disulfid R1-S-S-R3 (Rys. 8). Reakcja
ta przebiega zgodnie z mechanizmem substytucji typu Sn2. Na skutek nukleofilowego
ataku tiolanu na wigzanie disulfidowe powstaje liniowy produkt przejsciowy zawierajacy
trzy atomy siarki, ktory nastepnie ulega rozktadowi na produkt (Rys. 8). Jon tiolanowy

powstaje poprzez dysocjacje wiazania S-H w tagodnych warunkach zasadowych®.

?2 R3
/

S-5--8

Ry

\

Kompleks aktywny stanu przejsciowego

Energia

Produkty

=

Postep reakcji

Rys. 8. Schemat reakcji dynamicznej wymiany disulfidowej i diagram energetyczny zmiany
energii potencjalnej uktadu od czasu

Dowiedziono, ze pH srodowiska ma istotny wptyw na szybkos¢ reakcji wymiany
disulfidowej. Siarka jako migkka zasada bogata w elektrony jest silniejszym nukleofilem
w stanie zdeprotonowanym R-S™ niz w stanie protonowanym R-SH. Poniewaz szybkos¢
wymiany jest zalezna od st¢zenia jonu tiolanowego w roztworze, ktore jest zalezne
od dysocjacji wigzania S-H, to caty proces jest zalezny od pH roztworu i pKa tiolu. Jezeli
pH < pKa,, to szybkos¢ wymiany disulfidowej jest mata ze wzgledu na wysokie stezenie
formy R-SH. Jesli pH > pKa, to reakcja wymiany jest szybka przez wyzsze stezenie jonow
R-S". Jednakze przy zbyt wysokim pH nukleofilowos$¢ tiolanu istotnie maleje i nastepuja
reakcje konkurencyjne ze strony jonéw OH™%. Z tego powodu przyjeto empiryczng regute,
ze dla optymalnej szybkosci wymiany disulfidowej, pH roztworu powinno by¢ zblizone
do pKa reagujacego tiolu (zazwyczaj pH 7,0-8,0)%.

Szczegdlnym rodzajem wymiany disulfidowej jest metateza disulfidowa?. Jest to
reakcja podobna do metatezy olefin. Biorg w niej udziat dwa réznie podstawione wigzania

disulfidowe, ktore w wyniku reakcji przegrupowuja si¢ wg atomow siarki (Rys. 9).
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Rys. 9. Schemat reakcji metatezy disulfidowej

Planujac eksperymenty DCC nalezy uwzgledni¢ takze zjawisko tzw. putapki
Kinetycznej. Putapka kinetyczna to sytuacja, w ktorej jeden z dwoch konkurencyjnych
proceséw réwnowagowych jest znaczaco szybszy niz drugi. Prowadzi to do wysycenia
uktadu w produkt kinetyczny, co skutkuje zatrzymaniem wymiany dynamicznej®.
Otrzymywanie disulfidow z tioli jest nicodwracalng reakcjg utleniania. Natomiast wymiana
disulfidowa jest procesem dynamicznym i odwracalnym, ktory zachodzi pomigdzy
obecnym juz w ukladzie disulfidem a jonem tiolanowym. Tak wigc w disulfidowych
uktadach dynamicznych zachodzi nieustanna konkurencja pomigdzy nieodwracalnym

utlenianiem a odwracalng wymiang disulfidowa (Rys. 10).

S\ /R2 +

s-
RS

R

Rys. 10. Schemat reakcji ilustrujgcy konkurencje pomiedzy utlenianiem K1 a dynamiczng
wymiang disulfidowg K> 1 Ks

Jezeli szybkos¢ reakcji utleniania K1 jest wysoka, to z uktadu szybko znika Zrodto
tiolanow, ktore sa niezbedne dla odwracalnych reakcji K2 i Kz. Dlatego tez dynamiczna
wymiana disulfidowa jest mozliwa, dopoki w uktadzie sa obecne jony tiolanowe. Jezeli
uktad reakcyjny jest stale wystawiony na obecno$¢ utleniacza, to zawsze dojdzie
do zatrzymania wymiany dynamicznej. Ponowna reakcja wymiany moze by¢ zainicjowana
poprzez dodanie czynnika redukujgcego lub niewielkiej ilosci dodatkowego tiolu.

Najczgsciej stosowang technikg unikania putapki kinetycznej w disulfidowej DCC
jest dostosowanie szybkosci utleniania tioli do szybkosci dynamicznej wymiany
disulfidowej. Popularng metoda powolnego utleniania jest prowadzenie reakcji w wodzie
w warunkach zasadowych (pH ok. 8), gdzie czynnikiem utleniajacym jest rozpuszczony
w wodzie elementarny tlen (O2). Weciaz nie udalo si¢ przedstawi¢ wyczerpujacego
mechanizmu tej reakcji na poziomie atomowym, chociaz znane sg posrednie obserwacje

wskazujgce na to, ze w reakcji tej nastepuje utlenianie jednoelektronowe powodowane
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reaktywnym rodnikiem hydroksylowym °‘OH, ktory powstaje w wyniku reakcji
02 z anionem hydroksylowym OH- (Rys. 11)%8 4,

OH" H,O ‘OH OH" R,—S~ 0, 0,
R1_SH ﬁg R1_S_ ﬁg R1_S' é R1—S—S—R_2. ¥ZR'I_SfS_RZ

R,—S’

Rys. 11. Schemat postulowanego mechanizmu utleniania tioli do disulfidow wedftug
mechanizmu jednoelektronowego

Pionierem disulfidowej DCC opartej o utlenianie rozpuszczalnych w wodzie
komponentow tiolowych elementarnym tlenem jest prof. Jeremy K.M. Sanders
z Uniwersytetu w Cambridge. W jego metodologii jako zrédto grup tiolowych w blokach
budulcowych najczgéciej stosuje si¢ cysteing. Ten naturalny aminokwas biatkowy
zapewnia szereg pozadanych wlasciwosci. Silnie polarna grupa karboksylowa umozliwia
dysocjacje¢ 1 rozpuszczalno$é komponentu w wodzie. Grupa aminowa to uniwersalna grupa
funkcyjna pozwalajaca na przytaczenie czasteczki cysteiny do reszty bloku budulcowego.
Trwata konfiguracja absolutna (R)-L-Cysteiny zapewnia homochiralno$¢ catego
komponentu. Powstale biblioteki kombinatoryczne analizuje si¢ metodg LC-MS. Jest to
tandemowa technika jakos$ciowo-ilosciowa polegajgca na rozdziale polarnych produktow
DCL przez HPLC, ktore sa nastepnie kierowane na spektrometr mas, CO pozwala

przyporzadkowac rozdzielonym produktom ich masy czasteczkowe.

5.5 Przeglad literaturowy dynamicznych uktadéw disulfidowych

Zainteresowanie chemig kombinatorycznag oparta o wigzania disulfidowe zostato
zapoczatkowane dopiero przez wymieniong wyzej grupe prof. J.LK.M. Sandersa. Jak podaja
autorzy pionierskiej pracy, az do 2000 roku nie opisano w catosci zadnego przypadku DCL
opartej na disulfidach*?. W pracy tej poddano procedurze DCC proste ditiole, takie jak 2,3-
dimerkaptopropanol, czy kwas 3,5(bis-merkaptometylo)-benzoesowy w wodzie
w warunkach zasadowych (Rys. 12). Do dzisiaj zbadane i opisane zostaty liczne uktady

oparte o disulfidowe DCC*,
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Rys. 12. Pierwsza disulfidowa biblioteka kombinatoryczna, struktury komponentow,
schematyczna reprezentacja produktéow w DCL i analiza masowa*?

Jednym z obszarow, w jakim DCC wzbudza zainteresowanie, jest jej wykorzystanie
w chemii uktadéw gos$¢-gospodarz, w taki sposob aby odpowiednio dobrany zwigzek
wzorcowy (ang. templat) powodowat amplifikacj¢ jednego z produktow DCL poprzez
utworzenie z nim (przez oddzialywania niekowalencyjne) bardziej stabilnego
termodynamicznie produktu®* 4,

Znaczaca innowacja strukturalng bylo wprowadzenie przez Westa w 2005
tritiolowego komponentu opartego o0 1,3,5-trikarboksybenzen do mieszaniny
aromatycznych ditioli“®. Nowo$¢ ta zaowocowatla pojawieniem sie niespotykanych do tej
pory architektur klatkowych i pseudo-klatkowych zawierajacych w swojej strukturze
komponent tritiolowy (Rys. 13).
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Rys. 13. Zastosowanie trifunkcyjnego bloku budulcowego pozwala na otrzymanie struktur
klatkowych i pseudo-klatkowych?®

W toku dalszych badan dowiedziono, ze grupy karboksylowe obecne w blokach
budulcowych moga by¢ wykorzystane jako receptor anionowy oddziatujacy
z odpowiednimi templatami kationowymi (oddziatywania kation-anion). Wykazano,
ze dodatek liniowych poliamin, takich jak kadaweryna, spermina czy spermidyna,
prowadzi do zrdznicowania produktow makrocyklicznych’ lub do wygenerowania

nowych struktur klatkowych w wielosktadnikowych DCL (Rys. 14)%.

24



Rys. 14. Zastosowanie poliaminowego templatu (np. sperminy) catkowicie zmienia sktad
JjakoSciowy i struktury produktéow w DCL*®

Charakter oddziatywania kation-anion mozna odwrdci¢ poprzez zastosowanie
kationowego bloku budulcowego oddziatujacego z anionami. W jednej z prac pokazano
metode stymulacji DCL poprzez dobor anionu wielokarboksylowego kwasu
0 odpowiednim rozmiarze w celu amplifikacji stezenia n-krotnych makrocykli
disulfidowych powstalych z ditiolowych komponentéw zawierajacych pirydyne
jako receptor anionow*°.

Sposrod oddzialywan niekowalencyjnych wykorzystywanych w DCC szczegdlnie
wazny jest efekt hydrofobowy. Jest to zjawisko polegajace na tym, Ze substancje niepolarne
maja tendencje do agregacji w srodowisku wodnym z jednoczesnym wypchnigciem wody
spomiedzy agregujacych czastek®®. W kontakcie z substancja hydrofobowa czasteczki
wody uktadaja si¢ w taki sposob, aby nie utraci¢ korzy$ci energetycznej wynikajacej
z istniejacych wigzan wodorowych. W efekcie prowadzi to do minimalizacji kontaktu
powierzchniowego czasteczek niepolarnych z czasteczkami wody°l °2. Tiolowe bloki
budulcowe sg czgsto zwigzkami organicznymi o licznych fragmentach aromatycznych,
o wigze sie z ich znaczng hydrofobowoscia®®. Zaobserwowano, ze DCL wygenerowane
Z silnie hydrofobowych blokow budulcowych kurczg si¢ w wodzie poprzez zmiany
konformacyjne w taki sposob, aby zminimalizowaé¢ powierzchni¢ kontaktu z woda
I skompensowac niekorzystny efekt hydrofobowy. Wykazano takze, ze podczas zblizania

si¢ do siebie dwoch powierzchni hydrofobowych czasteczki wody sa spomiedzy nich
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wypychane z niewielkim dodatnim efektem entropowym, ktory zasila agregacje
takich czasteczek® .

Niezwykle bogata rodzing stanowig biblioteki disulfidowe oparte o difunkcyjne
pochodne naftalenodiimidow (NDI). Naftalenodiimidy stanowia jeden z najwazniejszych
motywow molekularnych w chemii supramolekularnej. Dzigki swojej trwalej, ptaskiej
strukturze 1 wlasciwosciach elektronowych sg zdolne do interakcji z innymi czasteczkami
poprzez oddzialywania n-n stackingowe, kation-m, wigzania wodorowe itd®®. Wykazano,
ze dibezwodnik kwasu naftalenotetrakarboksylowego (NDA) mozna w tatwy sposéb
modyfikowa¢ aminokwasami biatkowymi, w syntezie mikrofalowej otrzymujac
odpowiednie mono- lub diimidy z zachowaniem konfiguracji absolutnej uktadu®” %,
Potaczenie hydrofobowych wiasciwosci NDI z polarnymi resztami cysteiny i tacznikami
aminowymi doprowadzito do syntezy licznych, zlozonych struktur na drodze DCC takich

jak katenany®®%2 wezty molekularne (Rys. 15)%3%° czy nanorurki®®.

Rys. 15. Skomplikowany wezel molekularny otrzymany z difunkcyjnego bloku
budulcowego. Schemat DCL, struktura produktu i widmo *H NMR®3

Grupa prof. Sijbrena Otto rozwingta zastosowanie dynamicznych disulfidow
w chemii molekularnych replikatorow®” . Difunkcyjne bloki budulcowe oparte
0 pochodne kwasu 3,5-dimerkaptobenzoesowego tacza sie w heksameryczne makrocykle,
ktore nastepnie poprzez oddzialywania niekowalencyjne uktadaja si¢ w drabinkowe stosy.
Uktady te zachowuja si¢ jak molekularne replikatory, ktore dziedzicza informacje

0 rozmiarze danego stosu i promuja powstawanie kolejnych (Rys. 16)%°73,
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Rys. 16. Zastosowanie DCC w chemii replikatoréw molekularnych’

Grupa prof. Darrena Johnsona opracowata metodologic DCC w $rodowiskach
niewodnych, takich jak chloroform, THF czy metanol, oparta na prostych tiofenolach
lub tiolowych pochodnych ksylenow’®. Wykazata, ze wybrane chlorki potmetali (AsCls,
SbCls) sg efektywnymi katalizatorami utleniania tioli do disulfidéw elementarnym jodem
poprzez utworzenie przejéciowych, S-koordynacyjnych zwiazkéw kompleksowych™.
Metodg te zastosowano do wygenerowania ztozonej biblioteki disulfidowych makrocykli,
ktore zostaty nastgpnie zredukowane do odpowiednich sulfidow (tioeterow) w reakcji
zHMPT (Rys. 17)’®. Autorzy sugeruja, ze istnieje mozliwoé¢ dalszej modyfikacji
tak otrzymanych sulfidow do czystych weglowodorow poprzez catkowite usunigcie siarki
ze struktury produktu. Stanowitoby to narzg¢dzie do otrzymywania nieznanych do tej pory

wielowymiarowych szkieletow weglowodorowych.
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Rys. 17. Disulfidowa DCC w chloroformie. Schemat reakcji i struktura produktéw'®

Stosunkowo stabo poznanym aspektem jest korzystanie z metatezy disulfidowej
w DCC. Przyczynia si¢ do tego wigkszy stopien skomplikowania eksperymentalnego
i wymog ostrzejszych warunkéw prowadzenia reakcji, np. poprzez katalize fosfinami’’.
Z powodzeniem zastosowano takze mechanochemiczne podejscie do metatezy disulfidow,
ktorego wynikiem byly disulfidowe produkty krzyzowe otrzymane w procesie syntezy
W ciele statym przy wykorzystaniu mtynéw kulowych’® 7®. Znane jest takze doniesienie
0tym, ze metateze disulfidowa mozna przeprowadzi¢ mechanochemicznie poprzez

sonikacje ultradzwigkami roztworu symetrycznych disulfidéw aromatycznych (Rys. 18)°.
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Rys. 18. Efektywna wymiana disulfidowa wywolana sonikacjq ultrad?wiekami®

Istotnym zagadnieniem jest zastosowanie DCC w nowoczesnej chemii
materiatowej do otrzymywania inteligentnych materiatéw funkcjonalnych. Projektowanie

1 synteza takich materiatbw wymaga wykorzystania wszystkich dostgpnych w DCC
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narzedzi. Przyktadem takiego podejscia jest synteza fotoresponsywnego hydrozelu (Rys.
19)%°. Wykazano, ze ditiolowe bloki budulcowe oparte o diazobenzen tworza biblioteki
disulfidowych produktow makrocyklicznych, a dodatek soli magnezu powoduje
zzelowanie roztworu. Jony Mg?* tworza liczne wiazania koordynacyjne z dostepnymi
resztami -COO", wigzac ze sobg w sie¢ hydrofobowe czasteczki makrocykli. Proces
zelowania odbywa si¢ z samosortowaniem skladnikow DCL. Wylacznie produkty
zbudowane 1z bardziej hydrofobowego komponentu wchodzg w usieciowang

strukture hydrozelu.
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Rys. 19. Synteza fotoresponsywnego hydrozelu na drodze disulfidowej DCC. Struktura
komponentéw, schemat produktow DCL i schemat struktury hydrozelu®

Do dzisiaj przedstawiono nieliczne przyktady dobrze zdefiniowanych struktur
klatkowych lub pseudo klatkowych opartych na disulfidach®®: 82, Istotng przeszkoda
w otrzymywaniu tréjwymiarowych i symetrycznych struktur disulfidowych sg czynniki
geometryczne wynikajace z Katow torsyjnych wigzania disulfidowego®. Kat ten zawiera
si¢ W przedziale 90°-100° co powoduje, ze grupy R1 i R2 znajdujace si¢ za atomami siarki
sa obrocone wzgledem siebie 0 ok 90°. Konsekwencja takiego ulozenia jest to,
ze w strukturach klatkowych wigzania disulfidowe musza ustawi¢ si¢ W przestrzeni
pomiedzy dwoma reagujacymi komponentami lub na zewnatrz ich ogdlnej struktury,
co prowadzi do utraty symetrii uktadu. Wykazano, ze utlenianie jodem tritiolowego
kaliksarenu katalizowane jodkiem potasu prowadzi do otrzymania struktury klatkowej®
Zaobserwowano wylacznie produkt 0 konfiguracji anti, czyli taki, ktorego struktura
pozwala na utozenie si¢ wigzan S-S w przestrzeni zgodnie z preferowanym katem (Rys.
20). Zastosowanie zmodyfikowanego komponentu o wigkszym zattoczeniu sterycznym,
ktore wymusza konfiguracje syn, spowodowalo, ze w ukladzie nie powstata zadna struktura

klatkowa.
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Rys. 20. Otrzymywanie trisdisulfidowego klatratu. Schemat reakcji, struktura substratu
i struktury krystaliczne klatki (rzut z boku i z goéry)®

Analogiczna sytuacja zostata zaobserwowana w uktadzie klatkowym opartym
0 aromatyczng pochodna 1,3,5-tris(aminometylo)benzenu*. W tym przypadku klatka
powstata w wyniku reakcji bromku benzylowego z juz utleniong o-merkaptoaniling.
Analiza krystalograficzna wykazata charakterystyczne ulozenie trzech wigzan
disulfidowych (kat 96,7°) w przestrzeni pomiedzy dwiema platformami (Rys. 21).
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Rys. 21. Schemat reakcji syntezy klatki disulfidowej i struktura krsystaliczna
pojedynczej czgsteczki®

Z powodu tych ograniczen geometrycznych stosunkowo trudno jest otrzymacé
symetryczne wielosktadnikowe Klatki disulfidowe o bardziej skomplikowanej strukturze.
Niemniej w wyniku reakcji mieszaniny di- i tritiolowego komponentu otrzymano z duza
wydajnoscig (90%) pseudo-klatkowy produkt zbudowany z dwoch czasteczek tritiolu
i dwoch czasteczek ditiolu (Rys. 22)% 8. Modelowanie molekularne wykazato,
ze produkt ten ma bardzo skomplikowang strukture o niskiej symetrii. Autorzy
postuluja, ze za stabilno$¢ termodynamiczng tego produktu odpowiadaja liczne

wewnatrzczasteczkowe wigzania wodorowe.
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Rys. 22. Synteza disulfidowej struktury pseudo-klatkowej poprzez wielosktadnikowg DCL.
Struktury komponentéw, chromatogramy HPLC i obliczone modele wybranej struktury8®

Opisane czynniki geometryczne i strukturalne powoduja, ze takie zwigzki
sa niezwykle trudne do krystalizacji. Nieliczne przedstawione dotad struktury krystaliczne
dotycza wylacznie wysoce symetrycznych i niepolarnych uktadéw pozbawionych
dodatkowych grup funkcyjnych. Natomiast powszechng praktyka jest stosowanie
modelowania molekularnego do czg$ciowego zwizualizowania otrzymywanych
produktow dynamicznych. Modele takie nie zast¢puja analizy krystalograficznej, sa jednak
wystarczajagco dobrym kompromisem pozwalajacym na analize podstawowych

wlasciwosci strukturalnych czasteczek (ksztalt, rozmiar, objetosc).
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6 CEL PRACY I UZASADNIENIE TEMATYKI BADAWCZE]

Jak przedstawiono we wstepie, dynamiczne i kowalencyjne architektury
molekularne oparte o wigzania disulfidowe stanowig intrygujace wyzwanie badawcze
ze wzgledu na swoje unikatowe wlasciwosci, takie jak stabilno$¢, rozpuszczalnos$c
w wodzie i biokompatybilno$¢, a takze na perspektywe mozliwych zastosowan. Pomimo
znacznego postepu w rozwoju tego typu systemow wcigz znane sg jedynie nieliczne
przyktady  dobrze  zdefiniowanych  strukturalnie  disulfidowych  architektur
makrocyklicznych i klatkowych. To wiasnie te uktady ze wzgledu na swoje whasciwosci

maja najwigkszy potencjat aplikacyjny.

CELEM NAUKOWYM tej pracy byly synteza i analiza nowych dynamicznych
uktadow makrocyklicznych i1 klatkowych zawierajacych odwracalne wigzania disulfidowe,
ze szczegdlnym uwzglednieniem uktadow rozpuszczalnych i stabilnych w wodzie.
Na te rozprawe sklada si¢ cykl czterech prac naukowych, ktore majg wypehic cel naukowy

poprzez odniesienia do wymienionych ponizej aspektow chemii dynamicznych disulfidow.

ARCHITEKTURA produktow dynamicznych w otrzymywanych DCL to
wlasciwos$¢ trudna do uzyskania i kontrolowania. Zastosowanie bloku budulcowego
0 odpowiedniej strukturze i geometrii potrafi wptyna¢ na uktad dynamiczny w taki sposob,
ze sposrod wielu mozliwych produktow kombinatorycznych obserwuje si¢ formowanie
tylko danego typu architektur lub nawet pojedynczego produktu dynamicznego. W pracy
D1 opisano dynamiczng biblioteke¢ pigeciu dimerycznych klatek molekularnych
otrzymanych z trzech tritiolowych blokow budulcowych o symetrii Cs, ktore wykazuja
wysoka selektywno$¢ formowania 1 ze wzgledu na swdj rozmiar czg¢sciowe

samosortowanie strukturalne.

ROZPUSZCZALNOSC jest kluczowa wlasciwoscia systemu molekularnego
lub supramolekularnego warunkujacg jego zastosowanie w danych warunkach. Dlatego tez
mozliwo$¢ modulacji rozpuszczalnosci takiego uktadu bez naruszenia jego glownych
funkcji i cech strukturalnych jest pozadana. Praca D2 jest poswiecona modyfikacji

strukturalnej jednego z dwoch blokéw budulcowych w taki sposob, aby multidynamiczna
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asocjacja tego uktadu w wielosktadnikowa i fluorescencyjng klatk¢ molekularng byta

mozliwa w ekstremalnie roznych rozpuszczalnikach, takich jak chloroform czy woda.

SYNTEZA blokéw budulcowych jest rownie istotng czeScig DCC, co analiza
otrzymanych uktadéow dynamicznych. Etap przygotowania wielofunkcyjnych
I atrakcyjnych strukturalnie komponentéw na drodze klasycznej syntezy organicznej jest
czesto dlugim i zmudnym procesem. Dlatego tez praca D3 zostata poswigcona rozwojowi
metod syntetycznych pozwalajgcych na skrocenie tego etapu. Przedstawiono w niej szybka
i wydajng metode otrzymywania zréznicowanych strukturalnie wielofunkcyjnych

diimidéw modyfikowanych a-aminokwasami z wykorzystaniem syntezy mikrofalowej.

Zewnetrzna KONTROLA wiasciwosci DCL  poprzez modulacje warunkow
fizykochemicznych $rodowiska jest trudna, ale i pozadana. W pracy D4 pojedynczy blok
budulcowy zostal wykorzystany do wygenerowania biblioteki licznych dynamicznych
architektur makrocyklicznych w jednoetapowym procesie, poprzez zastosowanie
nieoczekiwanej hydrolizy diimidoéw in situ. Zaproponowano nowa metod¢ podwojnej
stymulacji DCL, ktora polega na zmianach pH srodowiska i dodatku DMSO, co umozliwia

kontrole nad réznorodnoscig strukturalng otrzymanych makrocykli.
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7 CZESC BADAWCZA - OMOWIENIE WYNIKOW BADAN

7.1 Strukturalne samosortowanie pseudopeptydowych,
dimerycznych klatek disulfidowych w wodzie: badania
mechanistyczne i wykrywanie kationow [D1]

Celem tej pracy bylo opracowanie wydajnej syntezy homo- i heterodimerycznych,
stabilnych w wodzie klatek molekularnych przy uzyciu réoznych aromatycznych platform
organicznych funkcjonalizowanych L-cysteing. Zatozono, ze zapewni to dobra baze
do zbadania zjawiska samosortowania w dynamicznym uktadzie wielodisulfidowym.
Podjeto rowniez udang probe uzyskania nowych informacji na temat czynnikéw
strukturalnych i geometrycznych, ktéore sa kluczowe dla tworzenia si¢ klatek
disulfidowych. Wykonano réwniez szereg badan kinetycznych pokazujacych etapy
formowania si¢ klatek.

Zaprojektowano trzy platformy organiczne oparte o aromatyczne kwasy
trikarboksylowe i L-cysteing. Zestaw platform aromatycznych zostal dobrany tak,
aby stopniowo zwigksza¢ rozmiar (Srednice) sztywnego rdzenia. Bloki budulcowe
uzyskano za pomoca zmodyfikowanej trdjetapowej syntezy*® z odpowiednich trikwasow
karboksylowych, w wyniku ktorej otrzymano trzy tritiolowe komponenty 1, 2 i 3.

Przygotowano zasadowe roztwory kazdego z trzech komponentoéw (pH 8,0, 5,0 mM),
ktore umieszczono nastgpnie w luzno zamknietych fiolkach i pozostawiono do utlenienia
przez 5 dni. Aby upewnic¢ sig¢, ze wszystkie DCL osiagnely rownowage termodynamiczna,
kazdg probke sprawdzono dodatkowo metoda HPLC tydzien i miesigc po zakonczeniu
5-dniowego czasu reakcji. Analiza LC-MS wykazala, ze kazda mieszanina poreakcyjna
zawierata tylko jeden produkt (bardziej polarny niz substrat). Zostal on zidentyfikowany
przez widma masowe jako monoprotonowany kation o masie dwukrotnie wigkszej
niz substrat, pomniejszony 0 mas¢ 6 atomow wodoru odpowiadajacych tym utraconym
podczas formowania trzech wigzan disulfidowych. Zaobserwowane masy odpowiadaja
zaktadanym Kklatkom trisdisulfidowym (Rys. 23).
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Rys. 23. @) Ogolny schemat przedstawionej DCL — trzy bloki budulcowe reagujg ze sobg
| tworzq pieé roznych klatek disulfidowych, trzy homodimeryczne (1-1, 2-2 i 3-3) i dwie
heterodimeryczne (1-2 i 2-3). b) Chromatogramy HPLC (254 nm) pokazujgce tworzenie
heterodimerycznych klatek) w mieszaninach par komponentow. Dla pary 1 + 3 nie
zaobserwowano klatki 1-3. Ze wzgledu na znaczne réoznice w molowych wspotczynnikach
ekstynkcji sktadnikow chromatogramy nie pokazujq rzeczywistych ilosci produktow. Linia
przerywana przedstawia rzeczywistq zawartoS¢ kazdej z nich. ¢) Pordéwnanie
eksperymentalnych i teoretycznych widm masowych (ESI-MS) wszystkich pieciu klatek

Nastepnie sprawdzono, czy rozne bloki budulcowe moga reagowa¢ miedzy sobg
I tworzy¢ heterosktadnikowe struktury klatkowe. Rownomolowe roztwory zawierajgce
pary komponentow poddano analogicznej procedurze przygotowania DCL. W mieszaninie
poreakcyjnej pochodzacej ze sktadnikow 1 i 2 wykryto trzy rézne produkty w rownych
proporcjach molowych (Rys. 23b). Na podstawie analizy LC-MS zidentyfikowano dwie
homodimeryczne klatki, 1-1 i 2-2, podczas gdy trzeci produkt wykazal mase
odpowiadajacg heterodimerycznej klatce 1-2. Podobne wyniki uzyskano dla mieszaniny
2 + 3, ktora po reakcji zawierala klatki 2-2, 3-3 i heterodimeryczna klatke 2-3.
W przypadku mieszaniny 1 + 3 w mieszaninie poreakcyjnej wykryto tylko dwie klatki
homodimeryczne 1-1 i 3-3, bez s$ladu oczekiwanej struktury 1-3. Mozna tu wiec
zaobserwowa¢ strukturalne samosortowanie oparte na symetrii komponentow i réznicach
w ich rozmiarze. Uktady te preferuja formowanie bardziej symetrycznych produktow

w DCL. W zadnej z DCL nie zaobserwowano produktow liniowych ani makrocyklicznych.
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W celu wykonania analizy NMR klatki homodimeryczne zostaly wyizolowane
W postaci statej poprzez stracenie ich w formie odpowiednich heksakwasow
karboksylowych z zasadowego roztworu DCL poprzez zakwaszenie. Kilatki
heterodimeryczne wyizolowano metodg potpreparatywnego HPLC w skali kilku
miligraméw. Widma *H i COSY NMR potwierdzity oczekiwang strukture i symetrie
klatki 1-2 (Rys. 24).

8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
ppm.

Rys. 24. Poréwnanie widm *H NMR klatki 1-2 z komponentami 1 i 2 (D20, 298 K,
600 MHz)

Przesunigcia pary dubletow w gore pola (turkusowy i zielony) z grup
trifenyloaminowych i singletu (niebieski) z centralnego pierscienia fenylowego wskazuja
na oddzialywanie pomigdzy aromatycznymi atomami wodoru oraz bliskos¢ platform
organicznych 1 i 2. Takie wyjasnienie jest poparte analizg zoptymalizowanej struktury
klatki 1-2. Wszystkie aromatyczne atomy wodoru sg W tej strukturze dodatkowo ostaniane
przez sgsiedztwo bogatych w elektrony atomoéw siarki i tlenu.

W kolejnym etapie wykonano badania kinetyczne w celu lepszego zrozumienia
procesu formowania si¢ klatek. Zastosowano HPLC do monitorowania przebiegu reakcji,
a takze obserwowania zmian jako$ciowych i ilo§ciowych DCL w czasie. Kazdg mieszaning
reakcyjng obserwowano przez 30 godzin i monitorowano co 30 minut. W ten sposob
otrzymano zestaw chromatogramoéw ilustrujacych zanik bloku budulcowego i wzrost

zawartosci Klatki w czasie, w oparciu o wzgledng powierzchni¢ piku (RPA). Rozktad
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zawartosci produktow w czasie dla reakcji formowania si¢ klatek homodimerycznych
ilustruje Rys. 25 (produkty posrednie przedstawiono na nim jako szare i czarne linie).
Wykresy te pokazujg, ze w uktadach jednosktadnikowych catkowity czas konwersji byt
najkrotszy dla klatki 3-3 (10 godz.), dtuzszy dla 1-1 (20 godz.) i najdtuzszy dla 2-2
(26 godz.). Zatozono, ze wptyw na to majg subtelne efekty, takie jak roznice w solwatacji

polarnych reszt cysteiny, polarnos¢ powierzchni czy tez wielkosci blokow budulcowych.
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Rys. 25. Wykresy rozktadu materiatu w czasie dla trzech klatek homodimerycznych:
a)1-1,b)2-2ic)3-3

Dodatkowe pomiary LC-MS wykonane 60 minut po rozpoczeciu kazdej z reakcji
pozwolity na poznanie sktadu mieszaniny reakcyjnej przed osiagnigciem stanu rownowagi
termodynamicznej i umozliwity identyfikacj¢ produktéw posrednich. Eksperymenty
te wykazaly, ze po 60 min. oprocz nieprzereagowanego tritiolu w mieszaninie sa obecne
zwigzki bedace potaczeniem dwoch czgsteczek substratu przez jedno lub dwa wigzania
disulfidowe. Nie wykryto zadnego zwigzku o masie wigkszej niz dwie jednostki tritiolowe.

W pierwszym etapie procesu dochodzi do migdzyczgsteczkowej reakcji utleniania
dwoch czasteczek tritiolu, ktore tworzg produkt z jednym wigzaniem disulfidowym (1A,
2A, 3A). Te produkty posrednie ulegaja nastepnie wewnatrzczasteczkowej reakcji, ktora
prowadzi do utworzenia kolejnego wigzania S-S i struktury makrocyklicznej (1B, 2B, 3B).
W trzecim etapie nastepuje kolejna reakcja wewnatrzczasteczkowa, ktora ostatecznie
domyka struktur¢ klatki poprzez trzecie wigzanie disulfidowe (1-1, 2-2 i 3-3).
Z otrzymanych wykresow kinetycznych wynika, ze szybko$¢ powstawania produktu jest
zasadniczo taka sama jak szybkos$¢ zaniku substratu. Ste¢zenie produktéw posrednich jest
niewielkie i state w najbardziej dynamicznym okresie reakcji. Mozna zatem wnioskowac,
ze etapem limitujagcym szybko$¢ tego procesu jest pierwsza miedzyczasteczkowa reakcja

utleniania pomi¢dzy dwoma czasteczkami substratu prowadzaca do powstania pierwszego
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wigzania disulfidowego. Dwie kolejne wewnatrzczasteczkowe reakcje sa szybkie, O
wskazuje na to, ze produkty posrednie s3 mniej stabilne niz ostateczny produkt klatkowy.
W uktadach, w ktorych powstaja Klatki heterodimeryczne, analiza jest znacznie bardziej
skomplikowana, poniewaz dwa r6zne komponenty sa zaangazowane w konkurencyjne
reakcje. Pomiary LC-MS wykazaly wszystkie oczekiwane heterosktadnikowe produkty

posrednie, jednakze w nizszych stgzeniach niz w uktadach jednosktadnikowych (Rys. 26).
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Rys. 26. Wykresy rozktadu materiatu w czasie dla wielosktadnikowych DCL

W uktadzie 1 + 2 klatka 2-2 tworzy si¢ najszybciej, nastepnie pojawia si¢ 1-2,
anakoncu 1-1. Catkowity czas reakcji jest znacznie dluzszy niz w ukladzie
jednosktadnikowym 1 lub 2, i wynosi okoto 30 godzin. Efekt ten jest jeszcze bardziej
widoczny w uktadzie 2 + 3 (Rys. 26b). W tym przypadku szybko$¢ formowania klatek
2-3 1 3-3 jest niemalze taka sama podczas calej reakcji. Takze szybkos$¢ poczatkowa
procesu jest okoto dwa razy wyzsza niz w przypadku uktadu 1 + 2. Dopiero gdy uktad
zostanie wysycony w ok. 80% przez produkty 2-3 i 3-3 (po okoto 4 godzinach), szybkosé¢

38



tworzenia si¢ 2-2 wzrasta. Obserwacja uktadu ze wszystkimi trzema komponentami na raz
byta zgodna z wynikami uzyskanymi dla mieszanin dwusktadnikowych, po raz kolejny
pokazujac wptyw rozmiaru bloku budulcowego na proces (Rys. 26d). Klatki zawierajace
najwickszy komponent 3 tworzyly si¢ znacznie szybciej niz te zawierajgce 2. Natomiast
najwolniej powstawaty te zawierajace komponent 1. Szybko$¢ tworzenia si¢ klatek
zbudowanych z 1 i 2 wzrasta istotnie dopiero wtedy, gdy uktad zuzyt juz wigkszosé
dostepnego komponentu 3 (Rys. 26d).

W trakcie analizy kinetycznej uktadu 1 + 3 zaobserwowano, ze homodimeryczne
klatki 1-1 i 3-3 tworza si¢ prawie dwukrotnie szybciej w mieszaninie 1 + 3 niz w uktadach
jednosktadnikowych (Rys. 26¢). Catkowita konwersja 3 do 3-3 w tej mieszaninie zajmuje
zaledwie ok. 4 godzin, podczas gdy pelne utworzenie 1-1 zajmuje ok. 10 godzin.
Jak wykazano wyzej, utlenianie tioli jest procesem wolniejszym niz wymiana disulfidowa,
dlatego tworzenie pierwszego wigzania S-S pomigdzy dwoma komponentami musi by¢
etapem determinujgcym szybko$¢ catego procesu tworzenia klatki (Rys. 27). Uktad 1 + 3
wyrdznia obecnos¢ mieszanych zwigzkoéw posrednich np. 1-3A (reakcja I11). Nukleofilowy
atak tiolanu na disulfid 1-S-S-3 (1-3A) skutkuje powstaniem liniowego stanu
przejsciowego S-S-S, ktory rozktada si¢ do bardziej stabilnego produktu disulfidowego.
Jesli 1 jest stabszym kwasem niz 3, to w tych samych warunkach pH stezenie tiolanu 1-S
musi by¢ nizsze, co skutkuje zarowno wolniejszym formowaniem si¢ rodnikéw podczas
utleniania, jak i korzystnym atakiem 3-S na zwigzek posredni 1-3A. W tym przypadku
syntezg 1-1 z 1-3A (reakcje 111 i V) lub z 1B (reakcja IV) mozna skutecznie spowolnié
do czasu, dopdki uktad nie zuzyje dostepnego komponentu 3. Jednakze biorgc pod uwage
ztozonos¢ tego systemu, zidentyfikowanie doktadnych przyczyn zwigkszonej szybkos$ci

reakcji w uktadzie 1 + 3 jest trudne.
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Rys. 27. Schematyczna reprezentacja mozliwych reakcji wymian disulfidowych
w dwuskiadnikowej mieszaninie komponentow 1 + 3
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Pomimo wielu prob nie udato si¢ otrzyma¢ monokrysztatu z zadnej klatki.
Zastosowano wiec modelowanie molekularne w celu zoptymalizowania struktur klatek
I pordéwnano tak otrzymane wartosci z danymi eksperymentalnymi (Tabela 1). Wartosci
promieni hydrodynamicznych wyznaczonych dla kazdej z klatek na podstawie pomiarow
DOSY dobrze koreluja z promieniami obliczonymi z otrzymanych modeli, co dodatkowo
uwiarygadnia zastosowang metode modelowania.

Wiasciwosci zoptymalizowanych struktur klatek (DFT b3lyp (GD3) 6-31g+(d))
sg spojne z danymi eksperymentalnymi. Odlegto$¢ pomiedzy platformami aromatycznymi
jest najwieksza dla najbardziej polarnego rdzenia w klatce 2-2 (8,2 A), a najmniejsza
w 3-3 (4,0 A). Jak wynika z wcze$niejszych obserwacji, platforma 3 przez swoja duza
powierzchni¢ jest najbardziej hydrofobowa. Skutkiem niwelowania efektu
hydrofobowego przez t¢ strukture, jest wigc plaski ksztalt klatki 3-3. Obliczenia wykazaty
tez, ze we wszystkich klatkach wigzania disulfidowe przyjmuja konfiguracje syn wzgledem

reszty struktury.

Tabela 1. Obliczone modele klatek dimerycznych i porownanie wiasciwosci

Klatka 2-2 2-3
L 2
2SN
Obliczony '{.?
l"-“ :
model ;_, @w% o
Symetria D3 D3 D3 C3 C3
Iy [A]? 9,68 11,02 13,50 8,02 10,28
reac [A]° 8,36 10,35 12,05 7,86 9,13
d [A]° 7.9 8,2 8,1 7,5 4,0
@ 107,0 136,6 105,5 105,4 85,5
9 4,9 9,7 52 8,1 15

2 promien hydrodynamiczny obliczony na podstawie DOSY, ® promien hydrodynamiczny obliczony z modelu,
¢ odlegtos¢ pomiedzy platformami aromatycznymi, ¢ kqt torsyjny wigzania S-S (obliczony), ¢ kgt obrotu
platform wzgledem siebie wzdtuz osi Z

Podczas prac z 2-2 zaobserwowano, ze dodatek soli lantanu La(NOs)3
do zasadowego roztworu klatki skutkuje ilosSciowym wytraceniem si¢ nierozpuszczalnego
osadu 2-2-La. Materiat ten zostal wyizolowany i poddany analizie w ciele statym w celu
wstepnego poznania jego wlasciwosci (Rys. 28). W toku dalszych prac wykazano, ze klatka
2-2 posiada silne wlasciwosci fluorescencyjne, ktore sa zachowane w nierozpuszczalnym
w wodzie materiale 2-2-La. Obrazowanie SEM tego materialu uwidocznito
bezpostaciowa, porowatg strukturg, natomiast analiza SEM-EDS potwierdzita obecnosé¢

lantanu w strukturze. Zaobserwowana wilasciwosé Kklatki 2-2 do tworzenia
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nierozpuszczalnych zwigzkow koordynacyjnych moze zosta¢ w przysztosci wykorzystana

do spektroskopowego wykrywania wybranych kationéw lub do wigzania lantanowcow

w wodzie.
(T E { | ) FLUORESCENCYJNY
‘{f‘) ! \1) MATERIAL
e ~ L2 ORGANICZNO-
7 METALICZNY
2:2 22-La
a) b) c) La-EDS S:EDS
14 1.0
T 0.8 - Tos8 @
8 3 e Fiy —
S
506 5 0.6 e
2 \ 2
304 \\ :g 04
H :
202 2 0.2
g g
= \ E
0 0.0
= 2-2(10%-10°M) = 2-2-La (proszek)
2(10°-10%M p—
0.2 { ) 02 B2(proezel) ,
350 450 550 650 350 450 550 650 750
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Rys. 28. Anmaliza fluorescencyjnego materiatu 2-2-La: a) porownanie widm emisji
pomiedzy 2 i 2-2 (wzbudzenie 345 nm, zakres stezen 10°-10° mol™ x dm?®), b) poréwnanie
widm emisji w ciele stalym pomiedzy 2-2 i materialem 2-2-La (wzbudzenie 345 nm),
c) analiza SEM i SEM-EDS dla zawartosci La i S

Pelen opis powyzszego projektu zostal przedstawiony w pracy D1 (str. 69)
i w Informacjach Uzupetniajgcych S1 (Str. 77) dotgczonych do tej rozprawy.

Konopka M., Cecot P., Harrowfield J.M., Stefankiewicz A.R., Structural self-sorting of
pseudopeptide homo and heterodimeric disulfide cages in water: mechanistic insights and

cation sensing, Journal of Materials Chemistry C, 2021, 9, 7607-7614.

Projekt zrealizowano we wspélpracy z prof. Jackiem M. Harrowfieldem z Institut de

Science et d’Ingénierie Supramoléculaires, Université de Strasbourg (Francja).
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7.2 Regulowanie rozpuszczalnodci fluorescencyjnych  klatek
aromatycznych  przy  uzyciu  blokéw  budulcowych
funkcjonalizowanych aminokwasami [D2]

W drugiej pracy wchodzacej w sktad tej rozprawy poruszono tematyke
kontrolowania wtasciwo$ci produktéw dynamicznych poprzez modyfikacje strukturalng
blokéw budulcowych. Jak przedstawiono we wstepie, mozliwos¢ kontrolowania
rozpuszczalnosci danego systemu dynamicznego w danym srodowisku czesto przesadza
0 mozliwos$ci jego pdzniejszego zastosowania. Dlatego tez przedstawiona ponizej praca
jest kontynuacja rozpoczetego wezesniej projektu®’ dotyczacego otrzymywania podwojnie
dynamicznych, ortogonalnych klatek molekularnych.

Autorzy projektu pokazuja az dziesi¢¢ matych blokéw budulcowych, ktore reaguja
jednoczesnie w mieszaninie DMSO-woda 94%/6% i tworza selektywnie pojedyncza
strukture klatkowg. Opisana Klatka powstaje z tetrakis-aldehydu tetrafenyloetylenowego
(TPE-AId) oraz hydrazydu cysteiny (Cys-Hyd) (Rys. 29). Silnie solwatujacy
rozpuszczalnik, jakim jest DMSO, pozwala na jednoczesne rozpuszczenie w medium
reakcyjnym tych dwoch, bardzo réznych pod wzgledem polarnosci, substratow. Jednakze
autorzy cytowanej pracy nie byli w stanie zmniejszy¢ zawartoSci DMSO lub wody
bez wytrgcania si¢ ktoregos z substratow. Przedstawiona na Rys. 29 klatka Cage 3 zawiera
osiem pierwszorzedowych grup aminowych -NH; w resztach cysteinowych, ktore daja

mozliwo$¢ funkcjonalizacji catej struktury.
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Rys. 29. Ogélny schemat reakcji tworzenia sie zmodyfikowanych klatek molekularnych.
Trzy grupy funkcyjne biorgce udzial w procesie samoorganizacji oznaczono kolorami:
aldehyd — czerwonym, hydrazyd/amina — niebieskim, tiol — pomararnczowym
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Whasnie ten fakt zostal wykorzystany w pracy D2. Grupy -NH: postuzyty jako
miejsce modyfikacji Cys-Hyd, ktora miata na celu zmiang rozpuszczalnosci zar6wno
blokéw budulcowych, jak i Klatki. Projekt rozpoczeto od zaprojektowania i syntezy kilku
strukturalnie dopasowanych komponentow molekularnych. Tetra-aldehyd (TPE-Ald)
zostal uzyty jako aromatyczny rdzen klatek, aby zachowac¢ struktury opisanych wczesniej
architektur. Do wstawienia strukturalnej modyfikacji grupy aminowej w hydrazydzie
cysteiny zastosowano wigzanie amidowe, poniewaz reakcje sprzegania aminokwasow
sg dobrze opisane i przebiegaja w tagodnych warunkach. Nastepnie wybrano dwa kwasy
organiczne do modyfikacji Cys-Hyd. Kwas 2-(2-metoksyetoksy)octowy (DEG)
zawierajacy polarny i hydrofilowy fragment glikolowy zostat uzyty, zeby uzyskaé
rozpuszczalnos¢ komponentu w wodzie. Do modyfikacji niepolarnej zastosowano
racemiczny kwas 2-etyloheksanowy (EH), aby zwigkszy¢ hydrofobowos¢ uktadu
I uzyskac klatki rozpuszczalne w niepolarnych rozpuszczalnikach organicznych. Na drodze
przedstawionej syntezy otrzymano dwa nowe N-sfunkcjonalizowane hydrazydy cysteiny
DEG-L-Cys-HYD i EH-L-Cys-HYD (Rys. 30).
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Rys. 30. Synteza zmodyfikowanych hydrazydow cysteiny. Odczynniki i warunki:
1) (CH3)sCOCONHNH,, EDC-HCI, HOBt, EtsN, CHxCly, 0°C do temp. pokojowej;
I1) DMF/piperydyna (8:2 v.v.), temp. pokojowa; Ill) DCC, NHS, THF lub CHCl>, temp.
pokojowa; 1V) EtsN, DMF, temp. pokojowa; V) TIPS/TFA (90:10 v.v.)
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Zmodyfikowane hydrazydy zostaty oddzielnie poddane reakcji z TPE-Ald
w stosunku 1:4 w mieszaninie rozpuszczalnikoéw (DMSO-woda 94%/6%, temp. 50°C).
W obu przypadkach analiza LC-MS wykazata pojedynczy produkt w mieszaninie
poreakcyjnej, a catkowita konwersja zostata osiggnieta po 3 dniach. Analiza masowa
wykazata sygnaly odpowiadajace masom oczekiwanych klatek, ktoére powstaty
ze zmodyfikowanych hydrazydow, odpowiednio DEG-CAGE i EH-CAGE. W ten sposob
potwierdzono tworzenie si¢ dwoch nowych klatek ze zmodyfikowanych blokow

budulcowych za pomocg ortogonalnych dynamicznych reakcji kowalencyjnych (Rys. 31).

a) b) 687.70 [M + 4H]*

1373.85 [M + 2H]*
TPE-ALD

DEG-CAGE | iwhalid il

DEG-CAGE 707.80 [M + 4H]*

1413.95 [M + 2H]*

EH-CAGE EH-CAGE

10 600 650 700 750 800 1300 1350 1400 1450 1500
m/z (Da)

Rys. 31. Charakterystyka nowych klatek: a) poréwnanie chromatograméw HPLC (310 nm)
TPE-ALD, DEG-CAGE i EH-CAGE ilustrujgce tworzenie si¢ pojedynczego produktu,
b) widma masowe ESI-MS zmodyfikowanych klatek, ¢) widma *H NMR (DMSO-dg, 298 K,
400 MHz) dla DEG-CAGE (u gory) i EH-CAGE (na dole)

Obie klatki scharakteryzowano za pomoca 'H NMR. W celu otrzymania
miarodajnej probki ,,surowa” mieszaning poreakcyjng odparowano do sucha, a nastgpnie
pozostaty osad rozpuszczono w rozpuszczalniku deuterowanym. Zarejestrowane widma
potwierdzity obecno$¢ wszystkich oczekiwanych grup funkcyjnych w strukturze klatki
(sygnaty iminowe & = 8 p.p.m., sygnat diastereotopowy cysteiny & = 4,5 p.p.m. i sygnaty

grup bocznych). Klatki te istniejg jako mieszanina izomerdw Cis i trans wigzan iminowych
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oraz izomerdéw Syn i anti wigzan disulfidowych. W rezultacie powoduje to niskg symetri¢
widm H NMR (Rys. 31¢).

Nastepnie zmieniono sktad mieszaniny reakcyjnej. Najpierw zbadano formowanie
si¢c DEG-CAGE w ukladzie rozpuszczalnikOw ze wzrastajacg zawartoscig wody,
od DMSO-woda 94%/6% do 100% wody. Analiza LC-MS wyraznie wykazata tworzenie
si¢ klatek do zawartosci 25% DMSO w wodzie. W probkach zawierajacych mniej niz 25%
DMSO analiza LC-MS wykazata obecnos¢ zwigzkéw posrednich, ktéorych masy
odpowiadaly czterem produktom kondensacji acylohydrazonow. W podobny sposob
przebadano formowanie si¢ klatki EH-CAGE w chloroformie (od 100% DMSO do 100%
CHCI3). W tym przypadku analiza LC-MS wykazata skuteczne tworzenie si¢ tej klatki
do 90% zawartosci CHCls. Zaobserwowano, ze pewne minimalne st¢zenie DMSO (10%)
jest niezbedne do catkowitego utworzenia si¢ Klatki. Reakcje te przebiegaja w zamknigtych
naczyniach, wigc dostep powietrza (utleniacza) jest niemozliwy i dlatego utleniaczem tioli
jest DMSO. Wyniki przedstawiono w Tabela. 2.

Tabela. 2. Badanie przesiewowe tworzenia sie klatek w réznych mieszaninach
rozpuszczalnikow

Mieszanina rozpuszczalnikéw (%6 obj.) Powstanie klatki
Lp. Komponent 2 DMSO H20 CHCls
1 L-Cys-Hyd 94 6 - tak
2 DEG-L-Cys-Hyd 94 6 - tak
3 DEG-L-Cys-Hyd 75 25 - tak
4 DEG-L-Cys-Hyd 50 50 - tak
5 DEG-L-Cys-Hyd 25 75 - tak
6 DEG-L-Cys-Hyd 10 90 - nie
7 DEG-L-Cys-Hyd 5 95 - nie
8 DEG-L-Cys-Hyd 0 100 - nie
9 EH-L-Cys-Hyd 100 - 0 tak
10 EH-L-Cys-Hyd 75 - 25 tak
11 EH-L-Cys-Hyd 50 - 50 tak
12 EH-L-Cys-Hyd 25 - 75 tak
13 EH-L-Cys-Hyd 10 - 90 tak
14 EH-L-Cys-Hyd 5 - 95 nie
15 EH-L-Cys-Hyd 0 - 100 nie

@ dotyczy hydrazydu, ktéry zostal uzyty do syntezy danej klatki

Jak wspomniano, oryginalne klatki wykazywaty stosunkowo silng fluorescencj¢

ze wzgledu na wlasciwosci TPE. Jednym z gléwnych celow tego projektu byto zachowanie
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tej wlasciwosci w zmodyfikowanych architekturach. Widma fluorescencji obu nowych
klatek zarejestrowano w roéznych mieszaninach rozpuszczalnikow przy tym samym
stezeniu (0,25 mM). Widma pozostaly zasadniczo niezmienione we wszystkich
mieszaninach, wykazujgc maksimum emisji przy ok. 510-520 nm. Obie klatki wykazaty

znaczng poprawe emisji wzgledem wyjsciowego aldehydu TPE-ALD (Rys. 32).

DEG-CAGE EH-CAGE

DMSO/H,0

= = DMSOICHCI,
5 1000 ___ coe iy oai6 % 1800 Cys-Hyd 94/6
o DEG 94/6 & 1600 EH 94/6
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El —— DEG 2575 = 1200 —Eenazsms
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2 200 /_\ 2 400
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Rys. 32. Porownanie wykresow fluorescencji nowych klatek w odniesieniu
do niezmodyfikowanej klatki (L-Cys-Hyd, krzywa czerwona) i TPE-Ald (krzywa fioletowa),
roztwory 0,25 mM, diugosé fali wzbudzenia 320 nm, zakres pomiaru emisji 400-600 nm

Obserwowane wzmocnienie emisji wynika z usztywnienia struktury i ttumienia
rotacji pier§cieni fenylowych w dwoch jednostkach TPE w obrgbie pojedynczej czasteczki
klatki®”. Zwiekszenie zawartosci wody zmniejsza okoto pigciokrotnie intensywno$¢ emisji
fluorescencji DEG-CAGE. Z drugiej strony zwigkszenie zawarto$ci chloroformu

zwigksza okoto dwukrotne intensywnos$¢ emisji fluorescencji EH-CAGE.

Pelen opis powyziszego projektu zostal przedstawiony w pracy D2 (str. 124)
i w Informacjach Uzupetniajgcych S2 (str. 132) dolgczonych do tej rozprawy.

Konopka M., Cecot P., Ulrich S., Stefankiewicz A.R., Tuning the Solubility of Self-
Assembled Fluorescent Aromatic Cages Using Functionalized Amino Acid Building
Blocks, Frontiers in Chemistry, 2019, 7, (503).

Projekt zrealizowano we wspolpracy z dr. Sébastienem Ulrichem
Z Institut des Biomolécules Max Mousseron w Montpellier (Francja)

w ramach staZu naukowego w programie Erasmus+.
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7.3 Wydajna synteza mikrofalowa zréznicowanych strukturalnie
diimidéw modyfikowanych a-aminokwasami [D3]

Niezwykle waznym aspektem kazdego systemu w DCC s3 odpowiednio dobrane
bloki budulcowe. Dlatego rownolegle z eksploracja kolejnych systeméw dynamicznych
nalezy rozwija¢ rowniez metody syntezy blokow budulcowych. Wtasnie z tego powodu
trzecia czg$¢ rozprawy zostata poswigcona zagadnieniu wytacznie syntetycznemu, to jest
zastosowaniu syntezy mikrofalowej w otrzymywaniu atrakcyjnych strukturalnie
wielofunkcyjnych platform molekularnych.

W tej pracy przedstawiono jednoetapowy proces mikrofalowej syntezy
symetrycznych diimidow modyfikowanych naturalnymi a-aminokwasami w oparciu o trzy
strukturalnie zréznicowane rdzenie aromatyczne: dibezwodnik piromelitowy (PMA),
dibezwodnik kwasu bifenylotetrakarboksylowego (BPDA) i dibezwodnik 3,3',4,4'-
benzofenonotetrakarboksylowy (BTDA, Rys. 33).

0 e} DMAP 0 e
H,N DMF R COOH
o;\;O:::o + ~ )—-COOH . )—NMN—(
R reaktor mikrofalowy = HOOC R
) (@) 140°C, 10 min. (0] O
3 bezwodniki 5 L-aminokwasow 15 diimidow

wydajnosci 70 - 90%

o {1 foed

B P BPDA BTDA

R = grupa boczna: L-Phe, L-Tyr, L-lle, Ne-Boc-L-Lys , STr-L-Cys

Rys. 33. Schemat metody syntezy mikrofalowej symetrycznych diimidow z trzech roznych
dibezwodnikow aromatycznych i pigciu a-aminokwasow

Wybrano te bezwodniki ze wzgledu na ich potencjat strukturalny do otrzymania
nowych diimidéw o wiasciwosciach innych niz dobrze znane pochodne NDI i PBI°® 88,
Rdzen PMA zostal uznany za interesujaca platform¢ do projektowania

n-kanatowych  polprzewodnikéw  tranzystorowych  opartych na  diimidach
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piromelitowych®. BPDA wprowadza do struktury dodatkowa swobodna o$§ obrotu
w centrum czasteczki diimidu, co daje mozliwo$¢ otrzymania nowej klasy labilnosci
konformacyjnej. BTDA posiada grupe ketonowg w centrum czgsteczki, co zapewnia
perspektywe dalszej modyfikacji i daje punkt przytaczenia do sprzg¢gania dwoch lub wiece;j
czasteczek diimidu w wieksze uktady®™. Wymienione trzy dibezwodniki zostaty poddane
oddzielnym reakcjom z pigcioma wybranymi aminokwasami: L-fenyloalaning, L-tyrozyna,
L-izoleucyng, Ne-Boc-L-lizyng i STr-L-cysteing. Wybrano je, gdyz ze wzgledu na swoje
zroznicowanie strukturalne reprezentuja wszystkie naturalne L-aminokwasy. Stanowi
to rygorystyczny test wrazliwo$ci metody na jednoczesng obecnos¢ kilku grup
funkcyjnych w reagentach. Wynikiem przeprowadzonych syntez jest grupa pigtnastu
diimidéw otrzymanych z bardzo wysokimi wydajnosciami (70-90%), niezaleznie od skali
reakcji i bez §ladéw racemizacji w centrach chiralnych.

Z punktu widzenia tej rozprawy szczegdlnie interesujgce sg trzy diimidy
zmodyfikowane STr-L-cysteing. Stanowig potencjalne bloki budulcowe, ktoére moga
postuzy¢ do tworzenia disulfidowych makrocykli lub jako elementy wigkszych uktadow
wielosktadnikowych (Rys. 34). Zwiazek BPDI-Cys zostal prekursorem ditiolowego

komponentu, ktéremu jest poswigcona kolejna praca cyklu - D4.

SCPh, HOOC ?Cph?’
SCPh, COOH R
HooC_ . o=N_o
R
e Q
o)
o=y~ W,
o
|\“ COOH 0=\~ 0
SCPhy \‘QR)
scpn | COOH
3 SCPh,
PMI-Cys BPDI-Cys BTDI-Cys

Rys. 34. Struktury trzech diimidow zmodyfikowanych STr-L-cysteing jako potencjalne
ditiolowe bloki budulcowe

Ze wzgledu na obecno$¢ centrum chiralnego w dwoch reagujacych czasteczkach

aminokwasu, mozliwe jest powstanie mieszaniny trzech stereoizomeréw o konfiguracji
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LL, DD i DL, Aby potwierdzié, ze prezentowana metoda nie prowadzi do racemizacji,
przeprowadzono reakcje testowg pomigdzy dibezwodnikiem PMA 1 racemiczng
DL-tyrozyng. Zgodnic =z oczekiwaniami zastosowanie racemicznego substratu
doprowadzitlo do otrzymania mieszaniny diastereoizomerdéw, ktorych obecnosé
zaobserwowano w zwielokrotnieniu sygnatéw w widmie *H NMR (Rys. 35). W przypadku
zastosowania chiralnie czystych aminokwaséw zawsze obserwowano wylacznie

homochiralne izomery LL.

PMA+2 L-Tyr —— PMI-Tyr

czysty izomer LL

J

PMA+2LDTyr— - PMI-Tyr
mieszanina |ZOmerOW
LL, DD, DL
91 89 87 85 83 81 70 68 66 52 50 48 35 3.3
p.p.m.

Rys. 35. Poréwnanie widm *H NMR (300 MHz, 298 K, DMSO-ds) produktow
wyizolowanych po reakcji dibezwodnika PMA z chiralnie czystq L-tyrozyng (goéra)
| racemiczng tyrozyng (dot)

Pierwszy etap metody syntetycznej polega na mikrofalowym ogrzewaniu roztworu
substratow (5 mL DMF, 0,5 mmol dibezwodnika, 1,0 mmol aminokwasu i 2,0 mmol
zasady) w dedykowanej probdéwce cisnieniowej w temperaturze 140°C przez 10 minut.
Nast¢pnie wystudzong mieszaning poreakcyjng wlewa si¢ bez usuwania rozpuszczalnika
do nadmiaru 1M HCI, co skutkuje natychmiastowym wytraceniem si¢ produktu, ktory
tatwo oddziela si¢ przez filtracje prézniows. W celu znalezienia optymalnych warunkow
reakcji wykonano testy krzyzowe na uktadzie substratow PMA + L-fenyloalanina z dwoma
r6znymi rozpuszczalnikami, DMF i MeCN oraz trzema zasadami, EtsN, DMAP i DABCO.
Najbardziej wydajnym ukladem okazala si¢ para DMF i DMAP, ktora prowadzi

do najwyzszej wydajnosci reakcji testowej (88%).
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W toku dalszych badafh stwierdzono, ze bezcisnieniowy uklad DMF/DMAP
sprawdza si¢ rownie dobrze w dziesigciokrotnie wigkszej skali (10,0 mmol aminokwasu
i 5,0 mmol dibezwodnika). Reakcje w duzej skali prowadzono w standardowej 100 ml
kolbie okraglodennej zaopatrzonej w chlodnice powietrzng, ktora zapewnia refluks
wrzacego rozpuszczalnika. Przy zachowaniu standardowego czasu reakcji (10 min.)
otrzymano oczekiwane produkty z zasadniczo takimi samymi wydajnosciami, jak w matej
skali i w wysokim cis$nieniu. W ten sposob mozna uzyska¢ do 5 g czystego diimidu
w jednej partii i wykorzysta¢ go do dalszych modyfikacji.

Wykazano zatem, ze opracowana metoda jest wydajna i moze by¢ stosowana
zarbwno w warunkach wysokiego ci$nienia (mata skala), jak i w otwartym naczyniu

(duza skala).

Pelen opis powyziszego projektu zostal przedstawiony w pracy D3 (str. 156)
i w Informacjach Uzupetniajqcych S3 (str. 163) dolgczonych do tej rozprawy.

Konopka M., Markiewicz G., Stefankiewicz A.R., Highly efficient one-step microwave-

assisted synthesis of structurally diverse bis-substituted a-amino acid derived diimides,
RSC Advances, 2018, 8, 29840-29846.
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74 Rozszerzanie réznorodnosci strukturalnej w dynamicznej
bibliotece disulfidowych makrocykli poprzez hydrolize imidow
in situ [D4]

Czwarta cz¢$¢ rozprawy prezentuje nieortodoksyjne podejScie do dynamicznej
chemii kombinatorycznej disulfidow poprzez zastosowanie hydrolizy imidéw in situ.
W toku badan opracowano przystepng metode otrzymywania skomplikowanych bibliotek
produktow makrocyklicznych. Ta metoda opiera si¢ na mieszaninie buforu i DMSO, ktéra
stanowi doskonate srodowisko do utleniania tioli w warunkach dynamicznych. Pokazano
takze sposob na kontrole sktadu bibliotek poprzez zmiany pH i stezenia DMSO.
Zaowocowalo to zwigkszeniem rdéznorodnosci strukturalnej bibliotek dynamicznych
i otrzymaniem wigkszych produktow makrocyklicznych.

Punktem wyjsciowym tego projektu byta opisana wyzej praca D3. Jednym
z przedstawionych w niej zwiazkow jest diimid BPDI-Cys o rdzeniu bifenylowym
wyposazony w dwie reszty cysteinowe, ktorych grupy tiolowe sa zablokowane grupami
tritylowymi (Rys. 34). Odblokowanie tych grup prowadzi do otrzymania nowego
ditiolowego bloku budulcowego A (Rys. 36).
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Rys. 36. Schematyczne przedstawienie DCL utworzonych z komponentu A w trzech roznych
warunkach: w DMSO, w wodzie o pH 8,5 i w mieszaninie 5% DMSO w buforze ACONHa.
Grupa -COOH powstata w wyniku hydrolizy imidu zostala zaznaczona na schematach
blokowych jako czerwona elipsa. 2wszystkie reakcje przedstawione na schemacie
przebiegajg w temperaturze pokojowej



Podczas standardowej procedury DCC z komponentu A (woda, pH 8,0, temp.
pokojowa) zamiast oczekiwanej biblioteki makrocyklicznych oligomerow zaobserwowano
produkty powstate w wyniku hydrolizy A. Dane literaturowe dotyczace hydrolizy imidow
cyklicznych wskazaty, ze warto zbada¢ potencjat tego zjawiska w potaczeniu z disulfidows
DCC% %, QOkazalo si¢, ze w zasadowym wodnym roztworze A podczas tworzenia
si¢ wigzan disulfidowych zachodzi takze hydroliza imidéw. Powoduje ona otworzenie
si¢ pigciocztonowego pierscienia, zapewniajac w ten sposob dodatkowe wilasciwosci,
elastycznosé konformacyjna, polarnos¢ (nowe grupy karboksylowe)
I wewnatrzczasteczkowe wigzanie wodorowe przez donor amidowy — NH.

Projekt rozpoczgto od prostego eksperymentu z zasadowym roztworem A 0 pH 8,5
w otwartej fiolce. Za pomocg HPLC po kilkunastu minutach zaobserwowano catkowity
rozktad A i powstanie pojedynczego, nowego produktu. Na podstawie analizy NMR i MS
wykazano, ze jest to niesymetryczny produkt podwdjnej hydrolizy A, w ktorej nowo
utworzone dwie grupy amidowe sg umieszczone w pozycji para i meta do wigzania C-C

pomiedzy pierscieniami A-2Hyd (Rys. 37).
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Rys. 37. a) Schemat asymetrycznej hydrolizy A do A-2Hyd, b) widmo *H NMR A-2Hyd
(300 MHz, 298K, DMSO-ds), ¢) widmo COSY A-2Hyd

Analiza widm H i COSY wyraznie wykazata obecnosé pary sygnatow amidowych
N-H (6 = 8,83 1 6 = 8,75 p.p.m.) sprz¢zonych z parg sygnatdéw metinowych C-H cysteiny.
Tymczasem intuicja chemiczna podpowiada, ze nalezaloby oczekiwa¢ produktu
symetrycznego z podwdjng konfiguracjg meta lub para. Zgodnie z nasza najlepszg wiedza

taka kierunkowa hydroliza nie zostala wczesniej odnotowana dla pochodnych BPDA.
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Tanieoczekiwanie czysta i selektywna reakcja moze by¢ uzytecznym narzedziem
syntetycznym oraz inspirowac do projektowania nowych blokéw budulcowych.

Aby sprawdzi¢, jak ta nowa wlasciwos¢ A-2Hyd wplywa na tworzenie
si¢ disulfidow, utleniono nowy roztwoér A o pH 8,5. Po trzech dniach reakcji z ekspozycija
na powietrze, przeprowadzono analiz¢ LC-MS. Mieszanina poreakcyjna zawierata gtdwnie
jeden produkt (90%), ktory zostat zidentyfikowany przez ESI-MS jako monoprotonowany
kation [M + H]* odpowiadajagcy masie cyklicznego dimeru z dwoma wigzaniami
disulfidowymi (Az2-4Hyd) powstatego z dwoch czasteczek A-2Hyd. Drugi produkt AS
(10%) zostat zidentyfikowany jako pochodna A-2Hyd zamknigta w strukture cykliczna

poprzez pojedyncze wewnatrzczasteczkowe wigzanie disulfidowe (Rys. 38a).
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Rys. 38. a-f) Chromatogramy HPLC (254 nm) 3-dniowych DCL z A w roznych warunkach
stezenia DMSO i pH. Rozktad materiatu z kazdej biblioteki jest przedstawiony jako
wartosci procentowe obok odpowiednich pikow (RPA). Kolor piku wskazuje dany
makrocykl. g) Widma masowe HR-MS makrocykli

Na podstawie tych wynikéw zdecydowano sig¢ zastosowac kontrole uktadu poprzez
dobor pH i dodatek DMSO jako akceleratora utleniania tioli®. Aby znalez¢ odpowiednie
warunki reakcji, zbadano wptyw stezenia tak DMSO, jak i pH, bazujac na buforze
z octanu amonu.

Stato si¢ jasne, ze najwiekszy wptyw na dystrybucje produktow w DCL ma pH.
W prezentowanym uktadzie najcieckawsze wyniki wystepuja dla pH 6,5 1 7,25,
co odpowiada optymalnym warunkom utleniania tioli®. Zastosowanie 5% roztworu
DMSO w buforze z octanu amonu o pH 6,5 zapewnia znacznie lepsze warunki utleniania

tioli niz pH 8,5 i powietrze. W toku dalszych badan okazalo si¢, ze stezenie DMSO
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ma jednak drugorzedne znaczenie, poniewaz nie zaobserwowano zadnych znaczacych
zmian w sktadzie biblioteki (pH 6,5) w zakresie 5-50% DMSO. Zastosowanie tej metody
z odpowiednim pH i 5% dodatkiem DMSO jako akceleratorem utleniania zaowocowato
wielosktadnikowg biblioteka. Na podstawie analizy LC-MS stwierdzono, ze w wigkszos$ci
przypadkow (pH 5,0-7,25) powstawata DCL szesciu produktéw, ktore zidentyfikowano
jako makrocykliczne dimery, trimery i tetrametry (Rys. 38a-g). Trzy ze zidentyfikowanych
zwiazkow posiadajg masy odpowiadajace hydrolizie jednej z grup imidowych w strukturze
catego makrocyklu (A2-Hyd, As-Hyd i As-Hyd).

Ze wzgledu na znaczne podobienstwo w polarnosci sktadnikow biblioteki, pomimo
wielu prob nie udato si¢ wyizolowac analitycznych ilosci poszczegolnych produktow.
Dlatego zdecydowano si¢ wyodrebni¢ catg DCL, poprzez odparowanie mieszaniny

poreakcyjnej do sucha i zbadanie tak otrzymanego materiatu technika NMR (Rys. 39).
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Rys. 39. Poréwnanie widm *H NMR (300 MHz, 298K, DMSO-ds): a) A, b) Az, ¢) Ax-4Hyd
(zanieczyszczona AS), d) mieszanina DCL. Kolorowe klamry przedstawiajg sprzezone
sygnaty N-H z sygnatami C-H na podstawie widm COSY

Na widmie 'H NMR A: s3 widoczne charakterystyczne przesunigcia sygnatow

aromatycznych w gore pola oraz przesunigcia alifatycznych sygnatéw CH i CHz w dot
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pola. Brak jakichkolwiek sygnatéw amidowych wskazuje na to, ze nie zaszla
tam hydroliza. Widmo *H NMR DCL zawiera znacznie wigcej sygnatéw w pordwnaniu
zwidmami A i Az co wskazuje na utrate symetrii produktow trimerycznych
i tetramerycznych. W widmie COSY obserwuje si¢ subtelne sprzezenia sygnalow N-H
z sygnatami C-H (podobne do A2-Hyd). Jest to dodatkowy dowdd na obecno$é amidow
w strukturach niektérych monozhydrolizowanych makrocykli w DCL.

Nastepnie postanowiono monitorowac przebieg reakcji DCL w czasie za pomocg
HPLC. Probki analizowano co 30 minut przez 24 godziny w temperaturze pokojowej
(2 ml, pH 6,5 5% DMSO, 5 mM A). Pierwszy nastrzyk (to) wykonano natychmiast
po rozpuszczeniu si¢ A w buforze reakcyjnym. Na podstawie integracji wzglednych
powierzchni pikéw (RPA) z zebranych chromatogramow wykreslono krzywe dystrybucji

poszczegolnych produktéw od czasu trwania reakcji (Rys. 40).

100

Rozkiad materiatu (%)

1A —k-A" —o—A Ay A,
] =~ AHyd —@— A;-Hyd —@— A;-Hyd —@— A,-Hyd

o 1 2 3 4 5 6 7 8 9 10
Czas (godz.)

Rys. 40. Krzywe rozktadu sktadnikow DCL w czasie przy pH 6,5 (substraty i produkty)
oraz schemat kluczowych reakcji

Zaobserwowano, ze uktad osigga rownowage termodynamiczng juz po ok. 10 godz.
Na tej podstawie mozna wyciagna¢ kilka wstepnych wnioskow dotyczacych kinetyki
tego ztozonego procesu i jego mechanizmu. Po pierwsze substrat A (Rys. 40, krzywa
brazowa) nieodwracalnie hydrolizuje do A-Hyd (reakcja I, krzywa szara) i osigga

zawartos¢ 10% po ok. 1 godz. Jednoczesnie A dimeryzuje do liniowego zwigzku
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posredniego AA (reakcja Il, krzywa czarna) z pojedynczym wigzaniem S-S i osiaga
maksymalng zawarto§¢ 20% po ok. 1,5 godz. Nastepniec AA ulega cyklizacji
wewnatrzczasteczkowej do makrocyklicznego Az (reakcja IV, krzywa zielona). Mozna
zalozy¢, ze synteza wigkszych makrocykli As (krzywa ztota) i Aa (krzywa zotta) zalezy
od obecnosci AA i Az (reakcje VI-IX), poniewaz pojawiajg si¢ one w mieszaninie dopiero
po dwoch godzinach. W otrzymanych danych HPLC-MS nie znaleziono S$ladow
oczekiwanych liniowych zwigzkéw posrednich AAA i AAAA. Jednakze zwiagzki
posrednic AAA i AAAA wydaja si¢ by¢ oczywistym krokiem w procesach wydtuzania
tancucha i1 zamykania pierscienia. Dlatego nalezy przyja¢, ze zwiazki te powstaja
w mieszaninie z mniejszych czasteczek (A i AA) i sa natychmiast zuzywane w reakcji
cyklizacji do produktéw makrocyklicznych (As i As). Podobne wyniki zaobserwowano
dla monozhydrolizowanych makrocykli, ktorych formowanie wydaje si¢ silnie zalezne
od st¢zenia A-Hyd. A-Hyd reaguje z dostgpnym substratem A i tworzy zwigzek posredni
AA-Hyd (reakcja III), ktory jest szybko mi¢dzyczasteczkowo cyklizowany do gtdéwnego
monozhydrolizowanego makrocyklu Az-Hyd (reakcja V, krzywa czerwona). Synteza As-
Hyd (krzywa niebieska) i As-Hyd (krzywa fioletowa) moze przebiegaé r6znymi drogami
(reakcje X-XIII). Niskie stezenie nieparzystych produktow (As, As-Hyd) jest
prawdopodobnie spowodowane wysokim stg¢zeniem parzystomerycznych produktow
posrednich AA, ktére wymuszaja tworzenie parzystomerycznych produktow
makrocyklicznych. Mozna réwniez zaobserwowal, ze przyspieszone przez DMSO
utlenianie i hydroliza imidéw przebiegaty rownolegle z niewielkg przewaga utleniania
W ciggu pierwszych dwoch godzin. Potwierdza to gldéwng hipoteze tej pracy, ze obie
reakcje zachodzg ortogonalnie podczas catego procesu rownowagowania DCL.
Wykazano zatem, ze zastosowanie komponentu A daje DCL niezwykte
wlasciwosci 1 umozliwia tworzenie si¢ wieloczasteczkowych — dynamicznych
makrocykli. Aby udowodni¢, ze whasciwosci opisywanego uktadu zaleza od hydrolizy
imidéw, a nie od bifenylowej struktury komponentu A, przeprowadzono eksperyment
kontrolny. Zsyntezowano nowy komponent B na bazie zmodyfikowanego kwasu

bifenylo-4,4'-dikarboksylowego z dwoma resztami cysteinowymi (Rys. 41).
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Rys. 41. a) Schemat syntezy dimerycznego makrocyklu Bz i poréwnanie widm *H NMR
(300 MHz, 298K, DMSO-ds), b) B i ¢) B2

Zwigzek ten jest liniowy i nie zawiera grup imidowych, lecz poza tym jest analogiczny
strukturalnie do komponentu A. Wszystkie eksperymenty, ktore wykonano wczesniej z A,
powtdrzono z B. We wszystkich opisanych wyzej warunkach pH i DMSO w wyniku
utleniania otrzymano wytacznie cykliczny dimer Bz (Rys. 41). Eksperymenty
te jednoznacznie potwierdzity korelacje miedzy obecnoscia grup imidowych

a aktywnoscig komponentu A.

Pelen opis powyzszego projektu zostal przedstawiony W pracy D4 (str. 179)
i w Informacjach Uzupetniajgcych S4 (str. 187) dolgczonych do tej rozprawy.

Konopka M., Stefankiewicz A.R., Expanding structural diversity in a library of disulfide
macrocycles through in-situ imide hydrolysis, Scientific Reports, 2022, 12, 38.
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8 PODSUMOWANIE I WNIOSKI

Celem naukowym tej pracy doktorskiej byta synteza i analiza nowych architektur
makrocyklicznych 1 klatkowych zawierajacych odwracalne wigzania disulfidowe
0 okreslonych wtasciwosciach.

W pracy D1 przedstawiono oryginalny uktad pigciu dimerycznych klatek
molekularnych rozpuszczalnych w wodzie opartych o wigzania disulfidowe, ktore
otrzymano z odpowiednio zaprojektowanych tritiolowych blokéw budulcowych o symetrii
Cs. Kazda z klatek zostata wyizolowana i w peini scharakteryzowana spektroskopowo.
Przedstawiono selektywng metode syntezy i analizy trzech homodimerycznych klatek
molekularnych. ~ Wykazano, ze spos$rod licznych  mozliwych  produktow
kombinatorycznych, w uktadach z mieszanymi parami komponentéw powstaja wylacznie
trzy struktury klatkowe, dwie homo- i jedna heterodimeryczna. Otrzymano dwie
heterodimeryczne klatki, ktore =zostaly wyizolowane z mieszaniny i W petni
scharakteryzowane.  Zaprezentowano takze oryginalne badania  kinetyczno-
mechanistyczne, ktore daly wglad w mechanizm formowania si¢ klatek dimerycznych
z tritiolowych komponentow. Wczesniej jedynie domniemywano przebieg tego procesu,
a opisane w tej pracy badania go potwierdzity. Dodatkowo przedstawiono wstepne dowody
na potencjat aplikacyjny otrzymanych ukladéw. Moga one zosta¢ wykorzystane jako
fluorescencyjne sensory wybranych lantanowcoéw lub substrat do otrzymywania
nierozpuszczalnych w wodzie fluorescencyjnych materiatdw organiczno-metalicznych.

W pracy D2 zaprezentowano i w petni scharakteryzowano dwie nowe podwojnie
dynamiczne, wielosktadnikowe klatki molekularne. Pokazano oryginalng metode
syntetycznej modyfikacji bloku budulcowego przy uzyciu wigzania amidowego.
Whprowadzenie dodatkowej grupy bocznej do komponentu spowodowato zmiane
rozpuszczalnosci catej architektury klatkowej i umozliwito rezygnacje z dotychczasowego
ucigzliwego uktadu reakcyjnego. Uzyskana w ten sposob kontrola rozpuszczalnosci
umozliwita wprowadzenie klatek do chloroformu i wody, co znacznie rozszerzyto
mozliwos$ci zastosowania tych klatek. Przedstawiono takze dowody na to, ze wprowadzone
modyfikacje nie wptywaja na selektywny proces formowania si¢ klatek molekularnych
w tym uktadzie. Zmodyfikowane klatki zachowaty swoje wlasciwosci fluorescencyjne,
a W przypadku jednej z nich intensywnos¢ fluorescencji wzrosta.

W pracy D3 przedstawiono zastosowanie syntezy mikrofalowej do efektywnego

otrzymywania zroznicowanej rodziny symetrycznych diimidéw opartych na trzech

58



strukturalnie odmiennych rdzeniach aromatycznych i pigciu réoznych a-aminokwasach.
W toku badan dowiedziono, ze syntezy te sg rownie wydajne pod wysokim cisnieniem
(matla skala), jak 1 w otwartych naczyniach pod ci$nieniem atmosferycznym (duza skala).
Reakcje przebiegaja bez racemizacji aminokwasow i1 prowadzg do enancjomerycznie
czystych produktow. Krotkie czasy reakcji, tatwa izolacja i wysoka wydajnos$¢ sprawiaja,
ze opracowana metoda jest niezwykle uzytecznym narzedziem do otrzymywania nowych
wielofunkcyjnych blokéw budulcowych.

W pracy D4 zaprezentowano oryginalny sposob stymulacji dynamicznej biblioteki
disulfiddw na drodze hydrolizy imidow in situ. Wykazano, ze odpowiednio
zaprojektowany ditiolowy blok budulcowy, ktory zawiera w swojej strukturze dwa
pigciocztonowe pierscienie imidowe, poprzez ich hydroliz¢ w warunkach zasadowych
moze efektywnie promowaé¢ formowanie nowych produktow disulfidowych. W pracy
zaprezentowano takze nowag metode modyfikowania sktadu strukturalnego DCL przez
dobieranie odpowiedniego pH i stezenia DMSO, ktore jest akceleratorem utleniania tioli.
Wykazano, ze zmiana pH mieszaniny reakcyjnej pozwala kontrolowaé szybko$¢ hydrolizy
grup imidowych, co wpltywa na réznorodno$¢ strukturalng i dystrybucje produktow
w bibliotece dynamicznej. Przeprowadzone badania Kinetyczne daty wglad w ztozony
mechanizm reakcji tego skomplikowanego procesu.

Podsumowujac, w toku przeprowadzonych badan zaprezentowano szereg
oryginalnych architektur makrocyklicznych i klatkowych opartych o dynamiczne wigzania
disulfidowe. W uktadach tych uzyskano kontrole nad rozpuszczalnoscia, architektura
i roznorodnos$cig strukturalng produktow w DCL. Opracowano takze szybka i wydajng
metode syntezy mikrofalowej, ktora moze by¢ uzytecznym narzedziem w otrzymywaniu

nowych wielofunkcyjnych diimidowych blokéw budulcowych.
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The molecular components of biological systems self-sort via different mechanisms to act in a
cooperative manner and to avoid interfering with each other. Herein we describe mechanistic insights
and a versatile strategy for the synthesis of water-soluble, pseudopeptide molecular cages based on
disulfide bonds. The use of trifunctional thiols led to a dynamic combinatorial library (DCL) of readily
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isolable, multi-component homo and hetero cage-like architectures showing a degree of self-sorting
related to the symmetry and size of the trithiol. The work provided detailed kinetic studies and DFT
molecular modeling giving original insights into the disulfide cages’ properties. We also applied the

selected cage system in the fluorometric detection of La>* cations, which led to the generation of a
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Introduction

The synthesis of functional molecular cages continues to pose
an intriguing challenge due to the numerous applications of
such structures' as chemical receptors,®” nanocapsules for
molecular transport,”” or in molecular recognition.® Despite
enormous progress in the development of this type of
architecture,®” examples of stable, yet dynamic and water-
soluble structures are still very scarce.®*® Dynamic combinatorial
chemistry (DCC) of disulfides is an effective approach to generate
artificial biocompatible systems in water.'”'® Disulfides have
been extensively studied with linear,"*** macrocyclic?'™* or inter-
locked topologies*** but far less is known about disulfide cages.
To date, several examples have been reported of disulfide cages
based on trifunctional thiols,”*™ although only a few are water-
soluble.**° There is a real lack of information regarding the
impact of the thiol component structure on the tendency of
dynamic system to favor exclusive formation of cage-like
structures through self-assembly and self-sorting in water-soluble
systems.*™** Hetero-component cages seem to be particularly
understudied, a situation, which is probably due to the difficulties

“ Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznariskiego 8,
61-614 Poznan, Poland. E-mail: ars@amu.edu.pl
b Center for Advanced Technologies, Adam Mickiewicz University,
Uniwersytetu Poznariskiego 10, 61-614 Poznar, Poland
“Institut de Science et d'Ingénierie Supramoléculaires, Université de Strasbourg,
8 allée Gaspard Monge, 67083 Strasbourg, France
T Electronic supplementary information (ESI) available: Experimental details,
synthetic protocols, NMR, LC-MS, HPLC data. See DOI: 10.1039/d1tc01445¢e
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strongly luminescent metal-organic assembly.

in isolating pure cages from post-reaction mixtures. Our objective
thus was to fill these gaps by developing an efficient synthesis of
pure homo- and hetero-dimeric pseudopeptide, water-stable
molecular cages, by using thio-amino-acid functionalized organic
platforms. This was expected to provide a robust workshop to
explore the phenomenon of self-assembly and self-sorting in a
dynamic multi-disulfide system. We also attempted to draw some
new insights into the structural and geometric factors crucial for
disulfide cage formation based on experimental data and DFT
calculations. Based on this, we propose a theoretical model that
could be applied for the effective design of next mono
and bicomponent disulfide cages. In addition, we describe a
preliminary investigation of a strongly fluorescent metal-organic
material obtained using a disulfide cage as poly-anionic ligand
on La(m).

Results and discussion
Design of building blocks

The three core platforms used were based on triamides formed
from aromatic tricarboxylic acids and vr-cysteine. The use of
natural r-cysteine ensured the absence of diastereomeric
products and the formation of chiral cages with stable absolute
configurations. The set of aromatic platforms was selected to
gradually increase the size (diameter) of the rigid core. Each
was functionalised by amide formation with r-cysteine in order
to introduce -SH (for disulfide formation) and -COOH
(for water solubility) groups. All building blocks were obtained

J. Mater. Chem. C, 2021, 9, 7607-7614 | 7607
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Fig. 1 General scheme of the dynamic covalent DCL. Three building
blocks react together and give five different disulfide cages, three homo-
dimeric (1-1, 2-2 and 3-3) and two heterodimeric cage-like architectures
(1-2 and 2-3).

by a slightly modified three-step synthetic route® (see ESI,} Fig. S1).
In the first stage, the reaction of each tricarboxylic acid with N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCI) provided the corres-
ponding NHS activated esters. Next, formation of the amides
by reaction with r-S-trityl-cysteine followed by hydrolysis of the
trityl-moieties in acidic conditions led to the desired trifunctional
components 1, 2 and 3, which have planar sizes in the order
3 > 2 > 1 (Fig. 1).

Synthesis of homodimeric cages

Solutions of each component (5 mM) were prepared in an
aqueous 0.01 M NaOH solution and its pH was adjusted to
8.0 by addition of dilute HCL. The presence of thiolates in
solution is obligatory for their oxidation to disulfides as well as
for disulfide dynamic exchange. These solutions of the basic
components were then placed in loosely capped 2 mL vials and
allowed to oxidize and equilibrate for 5 days. To ensure that all
DCLs reached thermodynamic equilibrium, each sample was
further analysed by HPLC one week and one month after the
end of the 5 day reaction time. Control analyses showed no
quantitative or qualitative changes in any DCL. After this time,
LC-MS analysis was performed. This showed that each post-
reaction mixture contained only one product (more polar than
the substrate), which was identified by mass spectroscopy as
the monoprotonated species with a mass of twice that of the
reactant less the 6 hydrogen atoms corresponding to those lost
in formation of 3 disulfide links, ie. the tris-disulfide dimeric
cage. The compound 1-1 is a known species, identified previously
by LC-MS and 'H NMR.?” However, we decided to include cage 1-1
in our studies for comparison and to establish its full
characteristics. Further details of the structure 1-1 were
established from its "H NMR spectrum, which showed the D,
symmetry expected for the homodimeric product (see ESI
Fig. 19 and $20). The "H NMR spectra of the dimeric cages, 2-2
and 3-3 showed the same symmetry. Comparison of the
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"H NMR spectra of the respective components with those of
the cages and analysis of optimised structures revealed that
the aromatic proton signals of the cages are shifted upfield,
presumably as a result of close proximity of the aromatic
platforms in the cage structure. In contrast, the signals
originating from cysteine CH and CH, groups were found to
be deshielded due to their position outside the cages (see ESL, T
Fig. 5§19, S24, 529 and S60-565). Acidification to pH 2 of the
post-reaction mixtures yielded the three cages as the water-
insoluble hexa-carboxylic acids, which could be easily isolated
by filtration. However, down to the slightly acidic region of pH
5-6 the cages remained soluble, which extends the range of
their applications.

Synthesis of heterodimeric cages

The next step was to investigate if the different building blocks
would react with each other and form the hetero-component
cage structures. Equimolar solutions containing pairs of
components were prepared at pH 8.0 and then stirred for five
days in air, Three different products in equal proportions were
detected in the post-reaction mixture derived from components
1 and 2 (Fig. 2). Based on the LC-MS analysis two homodimeric
cages, 1-1 and 2-2, were identified while the third product had
the composition expected for the heterodimeric cage 1-2.
Similar results were obtained for the mixture of 2 and 3, which
after the reaction contained cages 2-2, 3-3 and heterodimeric
cage 2-3. For the mixture of 1 and 3, only homodimeric
structures were found in the post-reaction mixture, with none

Lk — T

A NO HETEROCAGE 1-3 _L
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Fig. 2 (a) HPLC chromatograms showing the formation of heterodimeric
cages (1-2 and 2-3) in the component pairs mixtures. For the pair of 1 + 3,
cage 1-3 was not observed. Due to significant differences in molar
extinction coefficients of the components, the chromatograms do not
show the real amounts of the preducts. The dashed line shows the
actual content of each (see ES|,i Fig. S57 and S$58), (b) comparison of
experimental and simulated mass spectra (ESI-MS) of all five cages.
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Fig. 3 Comparison of *H NMR spectra (D;O, 298 K, 600 MHz) of hetero-
dimeric cage 1-2 and components 1 and 2. Dashed lines show chemical
shifts of analogous signals from aromatic hydrogens from both organic
platforms.

of the possible cage 1-3. We observe here a kind of structural
self-sorting based on the components’ C; symmetry and size
factors favoring the formation of the more symmetrical
products in the final DCL. No linear or macrocyclic products
were observed in any of the post-reaction mixtures. Each of the
DCL samples was completely transparent before and after the
reaction and was not additionally filtered before LC-MS analysis.
For this reason, we exclude the possibility that polymeric or
insoluble products have formed in the DCL that might not be
detected by the HPLC DAD detector. To isolate the heterodimeric
cages, the experiment with pairs of components 1 +2 and 2 + 3
was repeated on a larger scale and at a higher concentration
(10 mM). Heterodimeric cages were isolated by semi-preparative
HPLC on a few milligrams scale and characterized by NMR
spectroscopy. "H and COSY NMR spectra confirmed their
expected structures and C; symmetry. Comparison of the

View Article Online
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"H NMR spectra of the hetero cage 1-2 and the components 1
and 2 is also in line with the cage structure (Fig. 3). The upfield
shifts of the doublets (cyan-green) from the triphenylamine
moieties and the singlet (blue) from the central phenyl ring
clearly indicate a strong interaction between aromatic hydrogens
and the proximity of organic platforms of 1 and 2. This explanation
is supported by analysis of the optimized structure of the 1-2 cage.
In this structure, all of the aromatic hydrogens are additionally
shielded by the accumulation of electron-rich sulfur (S-S bonds)
and oxygen (amides) atoms.

The hydrodynamic radii deduced from DOSY experiments
(see ESIT for details) coincide closely with the calculated results
(Table 1). Finally, we performed an experiment with an
equimolar mixture of all three components at once to check
if in this three component DCL any new architectures would
emerge. The resulting DCL contained an almost equimolar
mixture of all five cages, without any traces of new species
(see ESI,} Fig. S44). As in previous experiments, no products with
a different architecture were found. This clearly established that
our system based on well-defined C; symmetric components
spontaneously selects the stable cage-like structures from the
numerous possibilities of combinatorial connections between
the three trifunctional components (see ESI,{ Fig. S70).

Although we have obtained pure products, we have been
unable to obtain crystals suitable for X-ray structure determinations.
For this reason, we decided to use computational tools to
optimize the cages’ structures (Table 1 and ESLi Fig. S60-
$65).""*> Based on this it can be concluded that the cage
molecules prefer an “open’” conformation, where a small
internal space of the molecule is present and the disulfide
groups are directed towards the inside of the molecule. The S-S
torsion angles are typical for this binding in all optimized cages
and averaged 107° (in the range 85° to 136°). One structure
with a “closed” conformation and disulfide groups directed
outwards turned out to be that of the cage 2-3, which can be
explained by the significant differences in the size of aromatic-
organic platforms that enforce such arrangement of cysteine
arms and disulfide bonds. Also, we found that this structure is

Table 1 List of the 3D models and the comparison of experimental and calculated dimensions of cages

Cage 11 22 33 12 2-3 1-3¢
Calculated structure

Symmetry D, Dy D, C; C; Cy
Dm*s™ x 107"  2.05 1.80 1.47 2.25 1.93 n/a
Thya” [A] 9.68 11.02 13.50 8.02 10.28 n/a
Teate.” [@l 8.36 10.35 12.05 7.86 9.13 10.22
Vipr? [A7] 3971 5612 10304 2873 4553 4341
a4 [A] 7.9 8.2 8.1 7.5 4.0 3.5
¢° 107.0 136.6 105.5 105.4 85.5 101.7
o 95.1 93.7 96.3 106.9 99.8 120.8
9 4.9 9.7 5.2 8.1 1.5 14.5

“ For cage 1-3 only calculated properties are available. ” Calculated from DOSY diffusion coefficients using the standard Stokes-Einstein equation.
¢ Measured from optimised models using Gaussian software. ¢ d — distance between platforms. ¢ ¢ - average disulfide bonds dihedral angle.

/9 - rotation angle between organic platforms. ¢ { - trapezoidal angle.
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additionally stabilized by stacking interactions, due to the very
close proximity of the aromatic cores (3.0-4.0 A). The cage 3-3
composed of two large aromatic platforms should also be
stabilized in this way, since the angles between the arms and
platforms are close to 90°, favoring extensive close overlap.
For this reason, we have defined two geometric factors that can
influence the structure.

One, termed the trapezoidal angle { (zeta), is the angle
between the platform plane and the cysteine arm, which
defines the relationship between the size of the platform and
the angle imposed on the binding arm. The second, J (theta), is
the degree of rotation between the platforms about the principal
z-axis. This angle is important for the measure of structural
stress caused by the differences in the size of the platforms and
for geometric considerations, e.g., steric hindrance. The angles
were determined for four points: centroid of the smaller
platform - carbon alpha of the arm of the smaller platform —
alpha carbon of the larger platform - centroid of the larger
platform. Centroids have been designated as the central nitrogen
atom in platform 2 or the geometric center of the benzene ringin
platforms 1 and 3. So, high values for both of these angles seem
to be universal factors for determining the geometric barriers to
formation of a given cage structure. For each homodimeric cage,
the values of those angles are very similar ($ near 5° and { near
95°) and those compounds are formed smoothly. This two-
angles factor is slightly more complicated for two observed
heterodimeric cages 1-2 and 2-3, but the values do not exceed
8° theta and 115° zeta. Cage 1-3 is the only one not formed
during the experiments, and the reason for this may be the
difficulty involved in attaining the cage geometry. The zeta angle
takes on the highest value of 121° due to the significant
difference between the sizes of the aromatic platforms of 1
and 3. The platforms can rotate about the z-axis to compensate
for this stretching effect but the optimal theta angle then turns
out to be large enough to stop the cage from forming (Fig. 4).
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Fig. 4 Diagram of 9 (theta) and { (zeta) angles for the six optimized
dimeric cages (blue squares — homodimeric cages, triangles — hetero-
dimeric cages, green — observed cages, red indicates no cage formation
for 1-3).
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Kinetic studies

Because the calculations indicated that the formation of cage
1-3 is the least preferred for geometric reasons, but structurally
possible, we decided to supplement our work with kinetic
studies to find any additional reasons for the absence of 1-3.
We employed HPLC to monitor cage formation over time.
Reactions were performed in 2 mL vials at pH 8 in 5 mM
concentration in room temperature. Each reaction mixture was
observed for 30 hours and monitored every 30 minutes. The
first HPLC injection (z,) for every sample was done immediately
after dissolving the component in basic water and setting the
PH to 8.0. Thus, we obtained a set of chromatograms illustrating
component decay and cage growth over time based on the
relative peak area (RPA). To ensure that the method was
quantitative, absorption spectra were recorded from the
solutions of each component and the corresponding cage at
the same concentration. The difference in registered
absorbance between the component/cage pairs did not exceed
5%. Each reaction was repeated and monitored three times to
ensure that results were the same. For the homodimeric cages,
the material distribution curves are shown in Fig. 5a-c.
These show that in mono-mixtures the time for conversion to

"‘J.Tx,
-0

material distribution
o
=

o= Component1  =8= Cage 1-1
Infermediate 1A ~8= Intermediate 1B 8- Ceet - Caged2 —4-Cage22
02 02
0 10 20 30 0 5 10 15 20 25 30
time (h) time (h)
b) |
08
§ s
206 H
g b
3 3
g 3
2 3
g024/ 2oz
: OO0
P s teerrmssnceee o

Component2  —- Cage 22
e~ Cage22 ~#- Cage23 - Caged-3

Intermediate 2A  ~#= Intermediate 2B

5 10 15 20

material distribution

—e- Componentd  —#-Cage 33 |~ Cage 11
Intermediate 3A  =@= Intermediate 38 02 ~#~ Cage2-3 ~#- Cage 3-3

02 0.
0 10 20 30 0 5 10 15 20

Cage1-2 =8 Cage 2.2

time (h) time (h)
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100% product within experimental error was shortest for cage
3-3 (10 h), followed by 1-1 (20 h) and longest for 2-2 (26 h). We
attribute this to the influence of subtle effects such as the
differences in solvation of polar cysteine moieties, in surface
polarity and in the size of each component. Cooperativity
between these factors appears to result in the largest aromatic
species 3 having the fastest cage formation."*™**

LC-MS measurements taken 60 minutes after the start of
reactions provided a deeper understanding of the cage formation
process. These measurements (ESI, Fig. S45-550) showed that
aside from unreacted trithiol, the dominant species present
corresponded to the linkage of two trithiol molecules through
one, two or three disulfide bonds. No species derived from more
than two trithiol units were detectable. This is consistent with an
initially intermolecular reaction to give the mono-disulfide
being followed by rapid intramolecular reactions giving the
macrocyclic bis(disulfide) and then the cage tris(disulfide).
Competition by intermolecular processes after the first step
appears to be ineffective. The fact that the cage dominates over
the macrocycle at a time when the mono-disulfide is still present
indicates that restrictions of motion in the macrocycle must
lead to faster disulfide formation relative to that giving the
macrocycle. Thus, in the first step, two molecules of trithiol
form open-chain mono-disulfide adducts (1A, 24, 3A). These are
then further oxidized to the macrocyclic bis-disulfide products
(1B, 2B, 3B), which in the third step are finally oxidized to the
cages. (Intermediates are shown as gray and black lines in
Fig. 5a—c). In the case of cage 2-2, the bis(disulfide) intermediate
was more abundant than the mono-(disulfide) intermediate at
all points where the reaction mixture was sampled (Fig. 5b). This
is consistent with acceleration in rate due to the intramolecular
nature of the second reaction step, which is largely dependent on
the chemical structure and shape of the component employed.
This is supported by the molecular modeling results that showed
smaller conformational restrictions in the macromonocyclic
bis(disulfide) intermediate 2B than those found for 1B and 3B,
see ESL Fig. 866-569). For cages 1-1 and 3-3, the observations
are less complicated and the disappearance of the reactant in
both cases can be well fitted to a single exponential decay.
This implies that the reactant loss is a first-order process
(seemingly irreversible), a situation which might arise if the
rate-determining step of the reaction were to be the very
first step involving the trithiol and dissolved oxygen. Although
formally a second order process, if the agitation of the solution
and its contact with the normal atmosphere were sufficient to
maintain a constant concentration of dissolved oxygen, it would
obey pseudo-first-order kinetics. Once the first species is formed
and then dimerizes, all subsequent reaction steps, as noted
above, would be intramolecular and probably greatly accelerated
as a result. Examination of the kinetics of cage formation in the
mixed 1 + 3 DCL (Fig. 6a) provided evidence for one of the
complications in these reactions. In this system cage 3-3 is
exclusively formed first, then 1-1. Formation of 1-1 shows an
induction period lasting until the essentially complete conversion
of 3 to 3-3, and an intermediate species decaying to 3-3 is very
rapidly formed in a substantial amount.
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More significantly, the homodimeric cages 1-1 and 3-3 form
almost twice as fast as in the single component systems.
Complete conversion of 3-3 takes about 4 h, while, once initiated,
complete formation of 1-1 takes about 10 h. Since the thiol
oxidation is slower process than the disulfide exchange,*
formation of the first S-S linkage between two tri-thiols must be
the rate-determining step in the entire cage formation process.”
What distinguishes both systems (single vs. mixed component) is
the formation of intermediate species e.g. 1-3A (reaction III,
Fig. 6b), and we assume that the presence of the latter is related
to observed acceleration of cage formation. Thus, the nucleophilic
attack of thiolate on the 1-S-S-3 disulfide (1-3A), results in the
formation of linear S-S-S transition state, which decomposes to a
more stable disulfide product.” If 1 is a weaker acid than 3 then
under the same pH conditions, there must be a lower 1-S™ thiolate
concentration, which results in both a slower radical formation
during oxidation and a preferred attack of 3-thiolate on the
intermediate 1-3A. In this case, the synthesis of 1-1 through either
the 1-3A path (reactions III and V) or path IV can be effectively
stopped until the system is essentially drained of 3. However,
considering the complexity of this system, identifying the exact
cause of this phenomenon is very challenging.>

Where hetero-cage formation occurs as in reactions involving
2, the kinetics become more complicated to analyze because
both reactants are involved in competitive processes. By LC-MS
analysis we also observed all the expected hetero-component
intermediates, but at much lower concentrations (<5% RPA,
LS-MS, ESI;t Fig. $51-S56). A schematic representation of
possible reactions between a pair of different components
leading to a mixture of homo and heterodimeric cages is shown
in Fig. 6a. We assume that for pairs 1 + 2 and 2 + 3, reactions IV,
VII and XI occur with a similar probability, resulting in the
observed equimolar mixture of homo and hetero products.
In the case of the pair 1 + 3, reaction intermediates III (1-3A)
and VIII (1-3B) were found at a low concentration (<2% RPA,
LC-MS). Normalized concentration-time plots for the reactions
1+2and 2 + 3 are shown in Fig. 5d and e. In the 1 + 2 system,
cage 2-2 forms most rapidly, then comes 1-2 and the slowest is
1-1. The total reaction time is much longer than in the 1 + 3 DCL
and takes about 30 hours. 2-2 reaches 50% of the target conver-
sion after 4 hours compared to 8 hours in the DCL with only 2.
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As in the 1 + 3 system, the products involving a geometrically
larger component (1-2 and 2-2) are created at higher rates.
This effect is even more visible in the 2 + 3 system (Fig. 5e).
Here, cages 2-3 and 3-3 are formed at almost the same rate and
the initial rate is much higher than in the 1 + 2 DCL. Only when
the DCL is dominated 80% by 2-3 and 3-3 (after about 4 hours),
does the rate of formation of 2-2 increase.

Observations on the system with all three components
present (1 + 2 + 3) were consistent with the results from the
two-component systems, once again showing an apparent size
effect on the cage formation (Fig. 5d-f). Products containing
the largest component 3 formed faster than those containing 2
and the slowest formed were those with 1. Cages built of 1 and
2 form preferentially only when the DCL has already consumed
most of the available 3.

Fluorometric detection of La>" cations and generation of a
strongly luminescent metal-organic material

While working with the cages, we noticed that both 2 and cage
2-2, due to the triphenylamine core, show strong fluorescence.
We decided to further explore this feature of 2-2 to preliminary
investigate some useful properties for potential application of
this particular cage. Comparison of the emission spectra of
2 and 2-2 shows almost four times stronger fluorescence of the
cage (max. 456 nm) than that of the component (max. 466 nm)
and the a blue-shift of the maximum emission of 2-2 by 10 nm
(Fig. 7a). We assume that this is due to an AIE-like effect
(aggregation-induced emission) because the closed cage
structure prevents the chromophore NPh; rings from rotating
freely, which results in increased emission intensity. Moreover,
each cage is a polyanion with six CO,~ groups concentrated on
a small molecule area and available for coordination through
O-donors.

Encouraged by these cage features, we decided to synthesize
a metal complex based on 2-2. Mixing an aqueous solution of
2-2 as sodium salt with aqueous La(NO;); results in the
quantitative precipitation of highly insoluble, amorphous
metal-organic 2-2-La material (see ESI{ for details). Taking into
account the number and location of the cage chelating groups
as well as coordination preferences of La** cation, formation of
cross-linked coordination assembly was expected. The compo-
sition and purity of the generated material in the solid state was
confirmed by the elemental (NHCS) analysis, which indicated
1:1 metal:cage ratio (see ESI,j Fig. S72). This was further
supported by the ICP-MS analysis, which showed 10.6 wt% of
La in 2-2-La for expected 12.6 wt% (see ESL} page 45).
Unfortunately, despite many attempts, the solubility of the
obtained material prevented the mass spectrum to be registered.
To determine the thermal stability of 2-2-La, TGA in the range of
30-600 °C was conducted and showed high stability of this
material, which lost only 40 wt% with fairly linear weight loss.
In comparison, organic compounds 2 and 2-2 turned out to be
much less stable and already at 250 °C showed a major weight
loss of about 30 wt% (over the full range of heating lost of
65 wt% and 50 wt%, respectively was recorded; Fig. 7c). While
the volatile products from thermal decomposition were not
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Fig. 7 Synthesis of a fluorescent 2-2-La material; (a) normalized emission
spectra of the cage 2-2 and 2 (107°-107° M, 1 x 1 cm cuvette, ex: 345 nm,
water pH 8.0), (b) normalized solid-state emission spectra of 2-2 and 2-2-La
(ex: 345 nm), images taken under 325 nm UV lamp, (c) TGA/DGA analysis of
2, 2-2 and 2-2-La, (d) SEM and SEM-EDS analysis of 2-2-La. See ESIt for
details (Fig. S71 and S72).

characterised, it would be expected that the organic parts of
the materials would undergo progressive decomposition, probably
in multiple steps, to give a residue of La,O; plus, possibly, Na,SO,
or Na,COj; from the 2-2-La and the sodium salts alone from 2-2, so
that the overall % changes in mass should be different. To get
visual insights into the morphology of the 2-2-La complex, SEM
imaging was performed and revealed the amorphous state of the
powdered material. The close-ups show a spongy porous structure
with numerous pores, about 0.1 pm in diameter, presumably due
to the three-dimensional architecture of cage 2-2 with internal
hydrophobic voids (Fig. 7d). Additionally SEM-EDS analysis was
used to map the surface distribution of elements in the 2-2-La. The
obtained results confirmed the presence of all elements expected
in the investigated material (Fig. 7d and ESIt Fig. S71, S72). Since
in aqueous solution, 2-2 exhibits interesting fluorescence behavior,
we decided to examine and compare this property with metal-
organic 2-2-La measured in the solid state. These measurements
show that described system is photo-responsive, which opens
several avenues towards their application in various technological
fields. As presented in Fig. 7b, after excitation at 345 nm, the emission
spectrum of 2-2-La shows a broad band with its maximum at 445 nm,
while in the emission spectrum of 2-2 apart from seemingly lower
intensity, there is a notable blue-shift (55 nm) in the band
maximum = 500 nm (for absorbance spectra see ESL{ Fig. $59).

This journal is © The Royal Society of Chemistry 2021
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The difference in solid-state fluorescence of both materials
under excitation at 325 nm is also clearly visible to the naked
eye as a significant difference in color (Fig. 7b insets).

Conclusions

We have described here a facile approach to the synthesis of
pure disulfide, water-soluble molecular cages based on trifunc-
tional organic platforms, and which can be formed easily in a
one-pot reaction under very mild conditions. We have shown
that high symmetry of its components pushes a DCL to a self-
sorted selection of cage species. If the difference in component
size is small, the DCL self-sorts into a mixture of homo and
heterodimeric cages. The loss of geometrical compatibility with
large size differences results in self-sorting of a mixture of two
trithiols into a pair of two homodimeric cages, with no other
products detectable. Based on these observations and DFT
calculations, we created a two-factor theoretical model to
predict the tendencies of trifunctional thiols to self-assembly
into homo- or heterodimeric cages. We have also provided
original kinetic studies giving new insight into the disulfide
cages’ formation mechanism through careful analysis of every
intermediate product. As shown by the synthesis of 2-2-La in
aqueous conditions, they have potential applications as novel
lanthanides complexing agents and functional fluorescent
materials. It has been shown that the cage-like structure of
these compounds is very stable in aqueous conditions, a highly
desirable property for applications in molecular transport and
drug delivery. The anionic form of described cages at basic pH
could be potentially used as an ionic receptor for molecular
recognition. The applications of the cages could be easily
extended to non-aqueous solvents by choosing the appropriate
organic counter-ions while maintaining the ionic character of
the entire system. Our methodological approach described here
allows for easy and quick design of multi-functional disulfide
cages with the promise of a wide range of applications in
numerous branches of chemistry.
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Materials and methods

All chemicals and solvents were purchased from commercial sources. NMR solvents were purchased from Deutero
GmbH (Germany).

NMR spectra were acquired on a Bruker Fourier 300 spectrometer equipped with *H/*3C 5 mm DUAL EasyProbe, Bruker
Ascend 600 MHz equipped with a *H/*3C 5 mm probe and Bruker AVANCE Ill 700MHz equipped with a *H/3C 5 mm
probe, and referenced on solvent residual peaks or TMSP-Na internal reference for DO measurements.

ESI-MS spectra were recorded on a Bruker Impact HD Q-TOF spectrometer. HPLC measurements were performed on
a Hewlett Packard 1050 Series HPLC system coupled to a diode array detector.

LC-MS measurement were performed on a UHPLC UltiMate 3000 Thermo Scientific/Dionex conjugated with Bruker
Impact HD Q-TOF spectrometer. All LC separations were performed on a Symmetry C8 Column, 1004, 5 um, 4.6 mm X
250 mm, 1/pkg, with a flow rate 1 mL/min in a solvent gradient of 40% MeOH in 60% H,0 to 100% MeOH in 20 min.
Solvents (water and MeOH) were acidified with 0.1% HCOOH. Chromatograms were monitored using 254 nm
absorption.

The semipreparative separations for obtaining heterodimeric cages were performed on a Eurospher Il 100-5, column
C8, 250x8mm, with a flow rate 5 mL/min. in a solvent gradient of 40% MeOH in 60% H,0 to 100% MeOH in 20 min.

A typical analytical DCL was prepared in a 0.5 mL scale by dissolving an equimolar mixture of thiol components (5 mM)
in 10 mM aqueous NaOH, followed by titration with 100 mM aqueous 0.1M NaOH/HCl to pH = 8. The DCL was stirred
in a close-capped HPLC vial at room temperature until being analysed after 5 days. The pH of each library was checked
before and after equilibration process to make sure it remained unchanged. The HPLC traces remained unchanged
after 7 days indicating that a final state had been reached.

Due to the high structural diversity in the chromophores of the three building blocks, the molar extinction coefficients
were determined for each of them. The appropriate conversion factor was then used in quantitative calculations, to
obtain the real amount of species in each DCL.

The UV-Vis measurements were performed on a Jasco V750 Spectrophotometer in 1cm quartz cuvettes.

The emission spectra were recorded on an Agilent Cary Eclipse fluorescence spectrophotometer in 1cm quartz
cuvettes with 345 nm excitation wavelength, with 5 mm slits and PMT 550 V.

The solid-state emission spectra were recorded on a Hitachi F-7000 FL Spectrophotometer in solid sample holder with
345 nm excitation wave, on 2.5 mm slits open and PMT 600 V.

The ICP-MS measurements were performed on a NexION 300D instrument. A 0.0308 g sample was dissolved in the
mineralizer, aqua-regia. Then it was transferred quantitatively to a 250 mL volumetric flask and diluted to volume
with distilled water.

The NCHS elemental analysis was performed on a Thermo Scientific FLASH 2000 instrument. Each sample was
measured twice.

TGA/DGA scans were performed on a PerkinElmer TGA 4000 instrument in the 30 — 600°C range.

s2

78



Synthesis and characterisation of thiol components
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Figure S1: The main scheme for the synthesis of thiol components and structures of the organic platforms used.
General synthesis methods were taken from previously reported work.!!!

Synthesis of 1_AE.

O
Q,

1,3,5-benzenetricarboxylic acid (210 mg, 1 mmol, 1 equiv.), N-hydroxy succinimide (NHS)
(580 mg, 5 mmol, 5 equiv.) and EDC-HCI (960 mg, 5 mmol, 5 equiv.) were dissolved in
anhydrous DMF (30 mL) and stirred at room temperature for 24h under argon
atmosphere. The solvent was removed and acetone (2 mL) was added into the oily

J\}
0
0 o}
&0 C"jﬁ residue and stirred to give a clear solution before adding it to 1M HCI (100 mL). A white
0 o}
o] o

solid precipitated. It was filtered off, washed with H,0 and Et,0, and dried under high
vacuum. Yield 84%.

1H-NMR (300 MHz, DMSO-d;) &: 8.93 (s, 3H), 2.92 (s, 12H). 33C NMR (125.75 MHz, DMSO-d;) 6: 170.33, 160.12,
136.72, 127.77, 25.99. ESI-MS: m/z calc. for [M-H]  501.0661, found 501.0511.

Synthesis of 1_STr.

SCPhy
HOOC.._

v
0. _NH

wooe 8L K _coon
A

PhyCs” o ° “SCPhy

Activated ester 1_AE (501 mg, 1 mmol, 1 equiv.) and L-Cys-STr-OH (1820 mg, 5 mmol, 5
equiv.) were dissolved in anhydrous DMF (80 mL), and EtsN (1.0 mL, excess) was added. The
reaction mixture was stirred for 24 h at room temperature before the solvent was removed
and acetone (2 mL) added to the oily residue. The resulting solution was poured dropwise
into 1M HCI (100 mL) causing precipitation of a white solid. It was filtered off, washed with

H;0, and dried under high vacuum. Yield 72%.

'H NMR (300 MHz, DMSO-dg) 6: 12.83 (s, 3H), 9.30 - 9.01 (d, 3H), 7.35 - 7.20 (m, 45H), 4.35 (m, 3H), 2.81 (m, 3H),
2.57 (m, 3H). 3C NMR (75 MHz, DMSO-d;) 6: 171.54, 144.26, 129.12, 128,11, 126.84, 66.39, 52.34, 39.52. ESI-MS:
m/z calc. for: [M-H] 1244.3650, found 1244.9631.
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Synthesis of 1.

SH The 1_STr (1245 mg, 1 mmol, 1 equiv.) was placed in an argon-purged flask and dissolved in

NHCOOH 10 mL of DCM. 3 mL of TFA was added and after 30 min. of stirring, Et;SiH (1.0 mL, 6 mmol,

6. equiv.) was added and stirring was continued for an additional 5 h. The liquids were

“D"ernl(gj\gn{m” removed under high vacuum and the solid residue suspended in 10 mL of Et,0, sonicated
HS' SH

and filtered off. It was washed well with additional portions of Et,0 (5 x 20 mL) and dried
under high vacuum. Yield 93%.

'H NMR (300 MHz, DMSO-dg) 6: 12.95 (s, 3H), 9.04 (d, J = 7.8 Hz, 3H), 8.52 (s, 3H), 4.58 (td, / = 8.4, 4.5 Hz, 3H), 3.12
—2.82 (m, 6H), 2.62 (t, J = 8.4 Hz, 3H). 3C NMR (75 MHz, DMSO-dj) 6: 171.65, 165.84, 134.42, 129.37, 55.73, 39.52,
25.12. ESI-MS: m/z calc. for: [M-H] 518.1286, found 518.0360.
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Figure S2: *H NMR spectrum of component 1 in DMSO-d; at 298 K (300 MHz).
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Figure S3: 'H NMR spectrum of component 1 in DMSO-dsat 298 K (300 MHz).
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Figure S4: 13C NMR spectrum of component 1 in DMSO-dsat 298 K (75 MHz).
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Synthesis of 2_AE.

4,4',4"-nitrilotribenzoic acid (378 mg, 1 mmol, 1 equiv.), N-hydroxy succinimide (NHS)
0’4}0 (580 mg, 5 mmol, 5 equiv.) and EDC-HCI (960 mg, 5 mmol, 5 equiv.) were dissolved in
050 anhydrous DMF (50 mL) and stirred at room temperature for 24h under argon. The
solvent was evaporated off and acetone (2 mL) added into the oily residue. After stirring
to give a clear solution, it was poured into 1M HCI (100 mL). A white solid precipitated

OﬁD/N\QYO and was filtered off, washed with H,0 and Et,0, and dried under high vacuum. Yield 74%.
o o

'H NMR (300 MHz, DMSO-d;) & 8.08 (d, J = 8.8 Hz, 6H), 7.40 (d, J = 8.8 Hz, 6H), 2.89 (s, 12H). 3C NMR (75 MHz,
DMSO-ds) 6(ppm) 170.38, 151.22, 132.12, 124.86, 119.83, 39.52, 25.57. ESI-MS: m/z calc. for [M+H]* 669.1463,

found 669.2107.
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Figure S5: 'H NMR spectrum of component 2_AE in DMSO-dsat 298 K (300 MHz).
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Figure S6: 13C NMR spectrum of component 2_AE in DMSO-d; at 298 K (75 MHz).
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Synthesis of 2_STr

Activated ester 2_AE (669 mg, 1 mmol, 1 equiv.) and L-Cys-STr-OH (1820 mg, 5 mmol,

H
O scen, 5 equiv.) were dissolved in anhydrous DMF (100 mL), and Et;N (1.0 mL, excess) was
COOH
added. The reaction mixture was stirred overnight at room temperature, then the
N solvent was removed and acetone (2 mL) was added to the oily residue. The resulting
o o]

solution was poured dropwise into 1M HCl (100 mL) causing precipitation of a white
"y sem - solid. It was filtered off, washed with H,0, and dried under high vacuum. Yield 74%.

PhsCs™ ""rNH

COOH
1H NMR (300 MHz, DMSO-dg) & 8.64 (d, J = 7.1 Hz, 3H), 7.85 (d, J = 8.5 Hz, 6H), 7.40 — 7.20 (m, 45H), 7.15 (d, J = 8.5 Hz, 6H),
4.31 (dt, J = 13.0, 6.9 Hz, 3H), 2.79— 2.68 (m, 3H), 2.55 (m, J = 7.5 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) § 171.82, 165.22,

148.96, 144.35, 129.11, 128.05, 127.77, 127.52, 126.77, 126.63, 66.09, 59.54, 39.52, 26.53. ESI-MS: m/z calc. for:
[M-H]1412.6405, found 1412.4407.
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Figure S7: *H NMR spectrum of component 2_STr in DMSO-ds at 298 K (300 MHz).
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Figure S8: 13C NMR spectrum of component 2_STr in DMSO-d; at 298 K (75 MHz).
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Synthesis of 2.

2 was synthesized according to procedure 1. The 2_STrt (1414 mg, 1 mmol, 1 equiv.)

O s was placed in an argon-purged flask and dissolved in 10 mL of DCM. 4 mL of TFA was

eeon added and after 30 min. of stirring, Et;SiH (1.0 mL, 6 mmol, 6. equiv.) was added and

I stirring was continued for an additional 5 hThe liquids were removed under high

o, o vacuum and the voluminous solid residue was suspended in 20 mL of Et,0, sonicated

Hs ™~ NH PN s and filtered off. It was washed well with additional portions of Et,0 (5 x 20 mL) and
cooH ©%0" dried under high vacuum. Yield 91%.

1H NMR (300 MHz, DMSO-ds) 6: 8.60 (d, J = 7.8 Hz, 3H), 7.90 (d, J = 8.6 Hz, 6H), 7.15 (d, J = 8.5 Hz, 6H), 4.52 (td, / = 8.4, 4.6 Hz,
3H), 3.01 - 2.83 (m, 6H), 2.63 — 2.53 (m, 3H). 3C NMR (75 MHz, DMSO-d¢) &: 171.89, 165.75, 148.98, 129.21, 128.74,
123.42, 55.50, 25.18. ESI-MS: m/z calc. for: [M-H]- 685.1301, found 685.1103.
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Figure $9: 'H NMR spectrum of component 2 in DMSO-dgat 298 K (300 MHz).
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Figure S10: 'H NMR spectrum of component 2 in D,0 at 298 K (300 MHz).
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Figure S11: 3C NMR spectrum of component 2 in DMSO-dsat 298 K (75 MHz).
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Synthesis of 3_AE.

o
z;:]
o

o-:

[o]

()
®

AT 0

3_AE was synthesized according to procedure 1_AE, 5'-(4-carboxyphenyl)-[1,1":3",1"-
terphenyl]-4,4"-dicarboxylic acid (377 mg, 1 mmol, 1 equiv.), N-hydroxy succinimide
(NHS) (580 mg, 5 mmol, 5 equiv.) and EDC-HCI (960 mg, 5 mmol, 5 equiv.) were
dissolved in anhydrous DMF (40 mL) and stirred at room temperature for 24 h under
argon. The solvent was removed and acetone (4 mL) was added into the oily residue
and stirred to give a clear solution before being poured into 1M HCI (200 mL). A white,
voluminous solid precipitated. It was filtered off, washed with H,0 and Et,0, and
dried under high vacuum. Yield 82%.

'H NMR (300 MHz, DMSO-d;) 6: 8.24 (m, 15H), 2.92 (s, 12H). *C NMR (75 MHz,
DMSO-ds) 6: 170.37, 161.64, 146.00, 140.19, 130.59, 128.29, 126.48, 123.71, 25.60.

ESI-MS: m/z calc. for: [M-H]- 728.3754, found 728.1324.
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Figure $12: 'H NMR spectrum of component 3_AE in DMSO-dsat 298 K (300 MHz).
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Figure S13: 3C NMR spectrum of component 3_AE in DMSO-d; at 298 K (75 MHz).
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Synthesis of 3_STr

ok 3_STr was synthesized according to procedure 1_STrt using 3_AE.
s Activated ester 3_AE (730 mg, 1 mmol, 1 equiv.) and L-Cys-STr-OH (1820 mg, 5 mmol,
5 equiv.) were dissolved in anhydrous DMF (100 mL), and EtsN (1.0 mL, excess) was
added. The reaction mixture was stirred overnight at room temperature before the
o solvent was removed and acetone (5 mL) added to the oily residue. The resulting
prgcs” "seen,  mixture was poured dropwise into 1M HCl (100 mL) causing precipitation of a
oo o voluminous white solid. It was filtered off, washed with H,0, and dried under high

vacuum. Yield 82%.

1H NMR (300 MHz, DMSO-d¢) 6: 8.75 (d, J = 7.5 Hz, 3H), 8.08 — 8.04 (m, 15H), 7.43 — 7.09 (m, 45H), 4.36 (q, J = 8.5
Hz, 3H), 2.76 (t, J = 10.5 Hz, 3H), 2.64 — 2.51 (m, 3H). 3C NMR (75 MHz, DMSO-d6) 6: 171.75, 165.81, 144.29, 142.70,
140.82, 132.85, 129.11, 128.09, 127.77, 127.51, 127.17, 126.83, 67.02, 66.26, 25.14. ESI-MS: m/z calc. for: [M-H]-
1473.8150, found 1473.4588.
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Figure S14: 'H NMR spectrum of component 3_STr in DMSO-dsat 298 K (300 MHz).
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Figure S15: 3C NMR spectrum of component 3_STr in DMSO-dgat 298 K (75 MHz).
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Synthesis of 3.

3 was synthesized according to procedure 1 using 3_STr

SH

”°O°° ! 3_STrt (1475 mg, 1 mmol, 1 equiv.) was placed in an argon-purged flask and dissolved in

" 10 mL of DCM. 4 mL of TFA was added and after 30 min. of stirring, Et;SiH (1.0 mL, 6

O mmol, 6. equiv.) was added and stirring was continued for another 5 h. The liquids were

O removed under high vacuum and the voluminous solid residue was suspended in 20 mL

o O O o of Et,0, sonicated and filtered off. It was washed well with additional portions of Et,0 (5
us "= x 20 mL) and dried under high vacuum. Yield 89%.

1H NMR (300 MHz, DMSO-ds) 5 12.88 (s, 3H), 8.77 (d, J = 7.8 Hz, 3H), 8.07 (d, / = 6.7 Hz, 15H), 4.57 (td, J = 8.5, 4.7 Hz, 3H), 3.09
—2.90 (m, 6H), 2.61 (t, J = 8.4 Hz, 3H). 3C NMR (75 MHz, DMSO-d6) 6: 171.90, 166.25, 142.74, 140.90, 133.03, 129.05, 128.18,
127.20, 64.95, 25.26. ESI-MS: m/z calc. for: [M-H]- 746.3564, found 746.1309.
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Figure $16: *H NMR spectrum of component 3 in DMSO-d; at 298 K (300 MHz).
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Figure S17: 'H NMR spectrum of component 3 in D,0 at 298 K (300 MHz).
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Figure $18: 3C NMR spectrum of component 3 in DMSO-dsat 298 K (75 MHz).
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Synthesis and characterisation of homodimeric cages

Homodimeric cage 1-1.

HOOC

HOOC

COOH

Component 1 (52 mg, 0.1 mmol) was dissolved in aqueous NaOH (0.01 M, 20 mL) and
the pH adjusted to 8 before stirring the solution for 3 days in a loosely capped vessel.
The solution was then was filtered through a Celite pad and acidified with 1M HCl to pH
= 2, which caused the solution to become turbid. MeCN (20 mL) was added to give a
clear solution before vacuum evaporation was used to reduce the volume to 10 mL, at
which point a white solid precipitated. It was filtered off and dried under high vacuum.
Yield 87%.

1H NMR (300 MHz, D,0) &: 8.14 (s, 6H), 4.68 (t, J = 6.8 Hz, 6H), 3.39 (dd, J = 13.9, 6.3 Hz, 6H), 3.04 (dd, J = 13.8, 7.6
Hz, 6H). 33C NMR (150 MHz, DMSO-d6) &: 171.92, 165.12, 132.96, 129.01, 51.53, 38.56. HR-MS in positive ion
mode, calc for: [M+H]* 1033.0483 m/z, found: [M+H]* 1033.0449 m/z.
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Figure $19: H NMR spectrum of cage 1-1 in D,0 at 298 K (300 MHz).
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Figure $S20: COSY NMR spectrum of cage 1-1 in D,0 at 298 K (300 MHz).
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Figure $21: DOSY spectrum of cage 1-1 in D,0 at 298 K (700 MHz).
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Figure $22: 13C NMR spectrum of cage 1-1 in DMSO-d;at 298 K (600 MHz).
Extracted ion chromatogram: m/z 1033 1001 1033.0449
EXPERIMENTAL
0%
80
60
1034.0475
404 1035.0437
201 1036.0447
1037.0419
1357_9_11;3151719o
Retention time (min) i 1033.0483 THEORETICAL
+ ESI-MS
1033.0449 [MfH]’ 80
60
1034.0510
1034.0475 401
1050.0711 20 1036.0487
051.0733 1037.0462
fii o -
600 800 1000 1200 1400 1600 1800 1029 1031 1033 1035 1037 1039
m/z (Da) m/z (Da)
Figure S23: LC-MS analysis of cage 1-1.
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Homodimeric cage 2-2.

O-NH
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Hooc_ M N | H cooH
el
Z o Ho 50
s - S
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\ $

HoOC O COOH

85%.

2-2 was synthesized according to procedure 1-1 using 2.

2 (68 mg, 0.1 mmol) was dissolved in aqueous NaOH (0.01 M, 20 mL) and the pH
adjusted to 8 before stirring the solution for 3 days in a loosely capped vessel. The
solution was then was filtered through a Celite pad and acidified with 1M HCl to pH =2
which caused the solution to become turbid. MeCN (20 mL) was added to give a clear
solution before vacuum evaporation was used to reduce the volume to 10 mL, at which
point a white solid precipitated. It was filtered off and dried under high vacuum. Yield

'H NMR (300 MHz, D20) 6 7.63 (d, /= 8.7 Hz, 6H), 7.00 (d, J = 8.7 Hz, 6H), 4.72 — 4.65 (m, 3H), 3.39 (dd, /= 13.8, 5.6
Hz, 3H), 3.16 (dd, J = 14.0, 7.9 Hz, 3H). 3C NMR (150 MHz, DMSO-d6) & 172.01, 165.67, 148.41, 129.10, 128.66,
122.98, 52.49, 40.06. HR-MS in positive ion mode, calc for: [M+H]* 1367.1953 m/z, found: [M+H]* 1367.1895 m/z.
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Figure $24: 'H NMR spectrum of cage 2-2 in D,0 at 298 K (300 MHz).
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Figure S25: COSY NMR spectrum of cage 2-2 in D,0 at 298 K (300 MHz).
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Figure $S26: DOSY NMR spectrum of cage 2-2 in D,0 at 298 K (700 MHz).
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Figure S27: 3C NMR spectrum of cage 2-2 in DMSO-d; at 298 K (150 MHz).

Extracted ion chromatogram: m/z 1367 100 1367.1895
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Figure S28: LC-MS analysis of cage 2-2.
S23

99



Homodimeric cage 3-3.

»-1000r T O O O S COOH
s/ s
Ner: F

HOOC COOH

3-3 was synthesized according to procedure 1-1 using 3.

3 (75 mg, 0.1 mmol) was dissolved in aqueous NaOH (0.01 M, 20 mL) and the pH
adjusted to 8 before stirring the solution for 3 days in a loosely capped vessel. The
solution was then was filtered through a Celite pad and acidified with 1M HCI to
pH = 2, which caused the solution to become turbid. MeCN (20 mL) was added to
give a clear solution before vacuum evaporation was used to reduce the volume
to 10 mL, at which point a white solid precipitated. It was filtered off and dried

under high vacuum. Yield 82%.

1H NMR (300 MHz, D20) &: 7.65 (d, J = 7.9 Hz, 6H), 7.49 (d, J = 7.8 Hz, 6H), 7.40 (s, 3H), 4.73 (m, 3H), 3.40 (dd,
J=13.6, 6.1 Hz, 3H), 3.05 (dd, J = 13.5, 7.3 Hz, 3H). 3C NMR (150 MHz, DMSO-d6) &: 172.16, 166.04, 141.88,
139.57, 128.10, 127.75, 127.04, 126.25, 51.97, 40.05. HR-MS in positive ion mode, calc for: [M+H]* 1489.2361

m/z, found: [M+H]* 1489.2295 m/z.
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Figure $29: 'H NMR spectrum of cage 3-3 in D,0 at 298 K (300 MHz).
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Figure $30: *H NMR spectrum of cage 3-3 in D,0O at 298 K (300 MHz).
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Figure $31: *H NMR spectrum of cage 3-3 in D,0 at 298 K (300 MHz).
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Figure $32: 3C NMR spectrum of cage 3-3 in DMSO-dsat 298 K (150 MHz).

Extracted ion chromatogram: m/z 1489
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Figure $33: LC-MS analysis of cage 3-3.
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Synthesis and characterisation of heterodimeric cages

Heterodimeric cage 1-2

HOOC O o

[M+H]* 1200.1218 m/z, found: [M+H]* 1200.1474 m/z.

Component 1 (52 mg, 0.1 mmol) and component 2 (68 mg, 0.1 mmol) were dissolved in
aqueous NaOH (0.01 M, 10 mL, pH adjusted to 8) and then stirred in a loosely capped vial
for 5 days. The desired cage 1-2 was obtained from the post-reaction mixture via
semipreparative HPLC.

1H NMR (600 MHz, D,0) &: 8.20 (s, 3H), 7.76 (d, J = 8.1 Hz, 6H), 6.84 (d, J = 8.0 Hz, 6H), 4.57
(dd, J = 10.4, 5.3 Hz, 3H), 3.45 — 3.37 (m, 3H), 3.18 (dd, J = 14.8, 9.4 Hz, 3H), 3.04 (q, J =
10.6, 8.9 Hz, 3H), 2.78 (dd, J = 12.8, 5.8 Hz, 3H). HR-MS in positive ion mode, calc for:
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Figure $34: 'H NMR spectrum of cage 1-2 in D,0at 298 K (600 MHz).
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Figure $35: COSY spectrum of cage 1-2 in D,0 at 298 K (600 MHz).
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Figure $36: DOSY spectrum of cage 1-2 in D,0 at 298 K (500 MHz).

528

104



Extracted ion chromatogram: m/z 1200 1001 1200.1474
EXPERIMENTAL
7.2
96% 804
1201.1564
601
12021234
40”
s 1203.0839
N 20
1204.0895
i 3 5 7 9 11 13 15 17 19 0 e L
Retention time (min)
1200.1218 THEORETICAL
+ ESI-MS 100
12001474 [M + H]*
801
1201.1246
1201.1564 60
1202.1219
1202.1234 401
600.7514 [M + 2H]?
203.0830 i 1203.1229
197268 1204.1212
EB]ZBG 1204.0895 .
o | 1
600 800 1000 1200 1400 1600 1800 1197 1199 1201 1203 1205 1207 1209

m/z (Da) m/z (Da)

Figure $37: LC-MS analysis of cage 1-2.
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Heterodimeric cage 2-3.
TN Component 2 (68 mg, 0.1 mmol) and component 3 (75 mg, 0.1 mmol) were dissolved in
aqueous NaOH (0.01 M, 10 mL, pH adjusted to 8) and then stirred in a loosely capped vial

COOH

Hoozng”gb'@%inﬁ for 5 days. Then the desired cage 1-2 was obtained from the post-reaction mixture via
9 oo s semipreparative HPLC.
s/ H \s
<ﬁnn\> H NMR (600 MHz, D20) 8: 7.95 (s, 3H), 7.87 (d, J = 8.0 Hz, 6H), 7.80 (d, / = 8.1 Hz, 6H), 7.40
Hooc 6 & o (d, J=8.3 Hz, 6H), 6.56 (d, J = 8.3 Hz, 6H), 4.75 (d, J = 4.4 Hz, 3H), 4.69 — 4.65 (m, 3H), 3.46

(dd, J=13.9, 3.9 Hz, 3H), 3.25 (dd, J = 13.3, 8.7 Hz, 3H), 3.18 (dd, J = 13.8, 9.9 Hz, 3H), 2.88 (dd, J = 13.3, 5.6 Hz, 3H).
HR-MS in positive ion mode, calc for: [M+H]* 1428.2157 m/z, found: [M+H]* 1428.2106 m/z.
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Figure $38: '"H NMR spectrum of cage 2-3 in DO at 298 K (600 MHz).
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Figure $39: COSY spectrum of cage 2-3 in D,0 at 298 K (600 MHz).
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Figure $40: DOSY spectrum of cage 2-3 in D,0 at 298 K (500 MHz).
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Figure S41: LC-MS analysis of cage 2-3.
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Figure $42: HPLC chromatograms of homodimeric cages post-reaction mixtures (254 nm) showing the exclusive
formation of a single cage-like product.
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Figure $43: HPLC chromatograms of post-reaction mixtures (254 nm) showing formation of homo and hetero-
dimeric cages. The bottom chromatogram shows no formation of a potential 1-3 cage.
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Figure S44: HPLC chromatograms (254 nm) of post-reaction DCL containing an equimolar mixture of all five cages.
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Figure S45: HPLC chromatogram (254 nm) of reaction DCL mixture containing 1 after 60 min.
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Figure S46: Mass analysis of 1 intermediates during reaction after 60 min.
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Figure S47: HPLC chromatogram (254 nm) of reaction DCL mixture containing 2 after 60 min.
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Figure S48: Mass analysis of 2 intermediates during reaction after 60 min.
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Figure S49: HPLC chromatogram (254 nm) of reaction DCL mixture containing 3 after 60 min.
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Figure $50: Mass analysis of 3 intermediates during reaction after 60 min.
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Figure S51: HPLC chromatogram (254 nm) of reaction DCL mixture containing equimolar 1+2 after 60 min.

. S
° i e &
DTt
Q

"
e
e’ }—MH
Chemical Formula: CagHasN7O45Ss © é"m
Exact Mass' 1203,15 H

"
wees< ™ Chomical Formula: CagHaNiO16S5
e/ Exact Mass: 1201 13

jnlens CaaHlasN: OrSe, MTH, 1204.1531|  ntens CasHarN;0ra5¢, MinH, 1202.1375
(%] (1
1259 - 125 1
E 1202.1375
o 12041531 1003
753 1+ 75
12051559 1+ 12031403 1+
503 1206.1532 503 1204.1375
1+ 1+
253 1207.1541 1+ 253 1205.1384 1+ i
h IZDEA.ISZZ & 1206’.\1365 1207.1366]
I‘%ijl_ +MS, 10.2min #590 oY +MS, 9.4-9.6min #540-553
60
407
1202.1513
30 1+ i
1204,1663
203 15 12031540 4,
1205.1692 50 1204.1515
104 1+ e
1207.1670 12051520 1+ 5
1202.651§11203.651 ,\ 12061506 1207.1516
T T T - T “ T T IA T A T 0 T - T T T IA T 2
1202 1203 1204 1205 1206 1207 1208 1209 miz 1202 1203 1204 1205 1206 1207 miz

Figure $52: Mass analysis of 1+2 mixture intermediates during reaction after 60 min.
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Figure S53: HPLC chromatogram (254 nm) of reaction DCL mixture containing equimolar 2+3 after 60 min.
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Figure S54: Mass analysis of 2+3 mixture intermediates during reaction after 60 min.
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Figure S55: HPLC chromatogram (254 nm) of reaction DCL mixture containing equimolar 1+3 after 60 min.
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Figure $56: Mass analysis of 1+3 mixture intermediates during reaction after 60 min.
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UV-Vis Data

Relative peak area [%] (HPLC, 254 nm)

cage L50-01 L50-02 L50-03 L50-04
cl-1 27 18 21 8
cl-2 23 31 29 28
c2-2 11 19 13 26
c2-3 17 18 21 31
c3-3 22 14 16 7

Relative peak area corrected for molar extinction coefficients

cage 1:1:1 1:2:1 1:3:1 1:8:1
c1-1 20 16 13 6
c1-2 20 25 27 24
c2-2 22 26 38 52
c2-3 19 23 20 34
c3-3 20 15 13 6

Normalized relative peak area

cage 1:1:1 1:2:1 1:3:1 1:8:1
c1-1 0,20 0,15 0,12 0,05
cl-2 0,20 0,24 0,24 0,20
c2-2 0,20 0,25 0,34 0,42
c2-3 0,20 0,22 0,18 0,28
3-3 0,20 0,14 0,11 0,05
% change

cage 1:2:1 1:3:1 1:8:1
1-1 -0,0514 -0,0799 -0,1519
12 0,0410 0,0428  -0,0022
2-2 0,0484 0,1423 0,2225
2-3 -0,0230 0,0198 0,0799
3-3 -0,0610 -0,0854 -0,1483

Figure S57: Supplementary table for Fig 5. Calculations of percentage changes in DCLs distribution depending on
various concentration of component 2.
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Figure $58: UV-VIS spectra of five dimeric cages in water (pH 8.0, conc. 5x10°M, 1x1 cm).
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Figure $59: a) UV-VIS spectra of 2-2 (pH 8.0, conc. 10°M - 10 M, 1x1 cm), b) UV-VIS titration of cage 2-2 with
La%* in water (pH 8.0, conc. 5x10°M, 1x1 c¢m, 0-3 equiv., 0.3 equiv./step).
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Computational data

We started with conformational analysis performed under the Spartan'14 software, using Monte Carlo methods and,
where necessary, with more relaxed conformer search conditions. Candidates for further calculations were selected
from the results and initially optimised with the semiempirical RM1 method (Recife Model 1).I The decisive factors
in choosing a given structure were the lowest energy and the proper symmetry. This last condition was due to the
NMR data that clearly showed the formation of highly symmetrical species. This optimization revealed that the
homodimeric cages assume D; symmetry, while heterodimeric cages assume C; symmetry, in line with the
experimental observations. Then, the selected conformers were further optimised by DFT b3lyp calculations using
Grimme dispersion functions (GD3) and Becke-Johnes damping (BJ) functions to predict long-range interactions.?®! The
basis set used was Pople’s 6-31g+(d), with additional diffusion functions to correctly represent the behavior of anions,
and polarization functions for heavy atoms.

Figure S60: Optimised structure of cage 1-1, top and side view.

Figure S62: Optimised structure of cage 3-3, top and side view.
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Figure S$65: Optimised structure of cage 1-3, top and side view.

A

Figure S66: Optimised structure of 1B, top and side view.
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Figure $68: Optimised structure of 3B, top and side view.

Compound | Energy [Ha] Relative energy* [Ha] | Relative energy* [kcal/mol] Energy difference between cage and
macrocyclic intermediate, AE [kcal/mol]
1B -5461,4 | 0,2 127 -127
1-1 -5461,6 | 0 0
2B -6496,7 | 0,4 248 -248
2-2 -6497,1 | O 0
3B -6848,2 | 0,3 210 -210
3-3 -6848,6 | 0 0

* energies relative to corresponding cage total energy = 0 kcal/mol.

Figure $69: Comparison of calculated relative energies of cages and macrocyclic intermediate products.
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Figure S70: Numerous possibilities of combinatorial connections between the three trifunctional components.
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Solid state analysis of 2-2-La

Synthesis of 2-2La

The 68 mg (5x10° mol) of 2-2 was dissolved in water (2 mL) via NaOH (0.1M) titration to pH 8. Then the solution of
La(NOs); x 6H,0 (44 mg, 10° mol, 2 equiv., 2 mL) was added with vigorous stirring. The pale-yellow solid
immediately precipitated. The mixture was then stirred for another 15 min at r.t. and centrifuged for 10 min. The
supernatant was removed and the solid material was dried under a high vacuum. Yield 78 mg.

Elemental microanalysis (NCHS) calculated for LaNas(2-2) - La(OH); - 24 H,0, CgoHggla;NgNaz0,5S,: C 32.88%, H
4.55%, La 12.68%, N 5.11%, Na 3.15%, O 32.85%, S 8.78%, found: C 32.32%, H 3.39%, N 3.67%, S 8.90%.

ICP-MS (La) calculated for LaNaz(2-2) - La(OH); + 24 H,0, CgHoslaNgNa;0,455s: La 12.68%, found 10.66%.

Figure $71: SEM imaging of 2-2-La.
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Figure S72: Energy Dispersive Spectroscopy (SEM-EDS) analysis of 2-2-La.
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We previously reported novel fluorescent aromatic cages that are self-produced using
a set of orthogonal dynamic covalent reactions, operating simultaneously in one-pot,
to assemble up to 10 components through 12 reactions into a single cage-type
structure. We now introduce N-functionalized amino acids as new building blocks
that enable tuning the solubility and analysis of the resulting cages. A convenient
divergent synthetic approach was developed to tether different side chains on the
N-terminal of a cysteine-derived building block. Our studies show that this chemical
functionalization does not prevent the subsequent self-assembly and effective formation
of desired cages. While the originally described cages required 94% DMSO, the new
ones bearing hydrophobic side chains were found soluble in organic solvents (up to
75% CHCI3), and those grafted with hydrophilic side chains were soluble in water (up
to 75% H»Q). Fluorescence studies confirmed that despite cage functionalization the
aggregation-induced emission properties of those architectures are retained. Thus, this
work significantly expands the range of solvents in which these self-assembled cage
compounds can be generated, which in turn should enable new applications, possibly
as fluorescent sensors.

Keywords: self-assembly, i 1ce, dy chemistry

cages, di

INTRODUCTION

Due to the unique physicochemical properties and a wide range of applications, cage-
type architectures enjoy unﬂagging interest (Hasell and Cooper, 2016; Markiewicz et al,
2017; Beuerle and Gole, 2018; Mastalerz, 2018). Of the many types of cage systems,
those based on reversible covalent bonds begin to clearly dominate, mainly due to their
adaptive properties (Lehn, 2015; Briggs and Cooper, 2017; Ono and Iwasawa, 2018). So far,
molecular cages based on dynamic imine bonds (and/or acyl-hydrazones) and boronic esters
have been the most frequently used among chemists (Beuerle and Gole, 2018; Acharyya
and Mukherjee, 2019; Kolodziejski et al, 2019). The dynamic output of imine chemistry
is particularly opulent (Belowich and Stoddart, 2012; Schick et al, 2019). Supramolecular
architectures based on imine and/or acyl-hydrazone bonds have already found number
of applications as biomolecular recognition receptors (Nial et al, 2007; Ulrich, 2019),
nanocapsules (Durot et al., 2014; Eichstaedt et al, 2019; Jedrzejewska and Szumna, 2019),
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sensors (Stefankiewicz and Lehn, 2009; Bravin et al., 2019), and
self-healing materials (Roy et al., 2015; Chao et al., 2016; Drozdz
et al,, 2018a,b). The use of disulfide bonds, reversible through
inter alia thiolate substitution, in the generation of complex
supramolecular architectures has received much attention (Otto,
2012; Black et al,, 2014; Sobczak et al., 2018), except those of
cage topology that are still isolated cases in the literature (Sarma
et al., 2007; Stefankiewicz et al., 2012; Stefankiewicz and Sanders,
2013; Naini et al., 2014). The nature of dynamic systems based
on imine and disulfide bonds is thus well-known separately but
multi-dynamic systems that employs them simultaneously are
an enduring challenge (Sarma et al, 2007; Orrillo et al,, 2019;
Reuther et al., 2019).

Recently, we have reported a method for obtaining a
new type of molecular cage-like system using a set of two
orthogonal reversible reactions (disulfides and acyl-hydrazones)
that occur simultaneously (Drozdz et al., 2017). This was the first
report of multi-dynamic and multi-component cages selectively
obtained in a one-pot process, and characterized in semi-aqueous
media, by applying two distinct reversible covalent bonds. The
reported cages were based on two simple building blocks:
tetraphenylethylene-tetraaldehyde (TPE-Ald) being known for
its fluorescence properties such as aggregation-induced emission
(AIE) (Zhao et al, 2012; Mei et al,, 2015; Feng et al., 2018),
and cysteine hydrazide, a small, chiral molecule containing
three different functional groups: amine, hydrazide, and thiol.
A multiplicity of factors was determined as contributing to the
exceptional selectivity in the formation of cage-system, of which
the presence of dimethyl sulfoxide (DMSO) in the reaction
mixture was found essential for the effective cage generation. This
is related to the participation of this solvent in the oxidation
of thiols into disulfides which is promoted even under slightly-
acidic conditions, as previously reported (Tam et al, 1991;
Atcher and Alfonso, 2013). Both thiol oxidation and disulfide
exchange usually proceed under mild-basic conditions, whereas
acyl-hydrazones require the presence of acid catalysts.

Therefore, the simultaneous formation of these two bonds,
despite an obvious progress in this area, remains a challenging
task and the use of DMSO as co-solvent helps in this regard.
The presence of reversible covalent bonds in the cage structure
is crucial as it allows generating thermodynamically stable
products by self-correction of intermediate kinetic products,
while maintaining dynamic features that are important for the
responsiveness of those structures. The latter are extremely
important when taking into account the potential use of such
systems in the selective complexation of guest molecules or in
the “self-healing” processes. The first generation of our doubly-
dynamic cages, despite their interesting structural features,
required the use of well-defined solvent mixture (H,O-DMSO
with predominant content of the latter from 75 to 94%).
This somewhat limited the scope of investigation of e.g.,
fluorescence properties only to this solvent system and the
potential applications one can think of.

Therefore, to expand the scope of our cages, we decided to
modify the structure of one of the building blocks in order
to generate two doubly-dynamic and multicomponent cage
systems presenting similar structural properties but distinct
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hydrophobic/hydrophilic character. We chose to take advantage
of the reactive a-amine present on amino acids and thus chose
to functionalized the cysteine hydrazide building block at its N-
terminal. It was of course necessary to ensure firstly that the
preferential formation of cage structure would be retained, the
principal intent simply being to modify the solubility of the cages,
then to characterize the spectroscopic properties of the cages in
a wider range of solvents. We describe here our syntheses of
cages derived from modified cysteine hydrazide units and the
properties of these new architectures in various media.

RESULTS AND DISCUSSION
Design of Building Blocks

Our investigations began with the design and selection of several
structurally distinct molecular components for the efficient
construction of doubly dynamic tetrapodal cage systems. As
shown in Figure 1, such cages can be formed in a self-assembly
process between two tetratopic components constituting upper
and lower planes of the cage and four ditopic molecules as
bridging linkers. Both types of building blocks must have
functional groups that allow facile formation of reversible
covalent bonds such as acyl-hydrazones and disulfides. The
TPE aldehyde (TPE-Ald) was retained as the aromatic core
of the cage-like structures, because we wanted our new cages
to have an analogous structure to those reported previously
(Drozdz et al, 2017). We decided to use the amino group in
cysteine hydrazide to insert a structural extension via amide
bond formation. Coupling reactions based on different amino
acid systems are well-described and run under mild conditions.
We decided to use two organic acids to modify the cysteine
hydrazide. We chose a more polar and hydrophilic component,
2-(2-methoxyethoxy)acetic acid (DEG) containing a short di-
glycol fragment, in order to achieve enhanced aqueous solubility,
and a non-polar group, 2-ethylhexanoic acid (EH), to increase
hydrophobicity and generate cages soluble in organic solvents. It
should be mentioned, that we used the racemic ethyl hexanoic
acid to make the synthesis more cost effective and facile. We
assumed here that one of the key features for this project is to
maintain the R-configuration on the cysteine hydrazide moieties,
and that the using of racemic EH acid will not affect the self-
assembly process of cage formation.

Synthesis of Building Blocks

The syntheses (Figure2) began with the preparation of
a  partially-protected  cysteine hydrazide. Commercially
available Fmoc-STr-L-Cys-OH (1), was coupled with tert-butyl
carbazate before the Fmoc group was removed in a standard
reaction with piperimidine in DMF. N-hydroxysuccinimide
activated esters (4 and 5) of diethyl-glycol acid and ethyl-
hexyl acid were obtained by reaction with DCC and
N-Hydroxysuccinimide (NHS) and H-L-Cys-STr-Hyd-Boc
(3) was then combined with the activated esters in amide
coupling reactions. In this way, two fully protected derivatives
of cysteine hydrazide tethered with DEG and EH moieties
were obtained (6 and 7). In the final step, the hydrazide
and thiol groups were deprotected in both DEG and EH

July 2019 | Volume 7 | Article 503



Konopka et al.

Multi-Component Doubly Dynamic Molecular Cages

glycol modification
for water solubility

) [o}
o
MeO™ ‘)LNH o " AT e

N‘N N—N
~\.)L :x"‘N

Meowo’jg

-u\ "'
=C/

.
O

H
N~ -N
MeONo :r H i [¢]
i, o
N
- DEG-CAGE " s
wed ™ water soluble \_‘0"3

individual fragments in the solubility property of the entire system.

multi-dynamic system

OHC CHO
4¥< o

H
MeO\/\O/\n,N\E)L NH; + | + HzNﬂ)ﬁ/N
o X T
SH OHC CHO Hs” O
DEG-L-Cys-Hyd TPE-Ald EH-L-Cys-Hyd
. 3 days of equilibration .
in water Y in 5(?0(;, in chloroform
various % of DMSO

single cage-like product

p,\’m I T B,y

=
OS
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atom labels (aldehyde: red; hydrazide: blue; thiol: orange). Structural modifications that change the physical properties of the cage have been shown in background
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derivatives in a solution of TFA/TIS 9/1. Synthetic protocols and
characteristics of all obtained compounds are available in the
experimental section.

Self-Assembly of Cages

Cage formation using the new building blocks DEG-L-Cys-
Hyd (9) and EH-L-Cys-Hyd (10) was first assessed in the
original solvent system (DMSO/H,O 94/6). In both cases,
LC-MS monitoring showed that complete conversion was
reached after 3 days of equilibration at 50°C, with no TPE-Ald
left and the appearance of a new single peak in the mass
spectra that corresponded to the expected cage compounds,
respectively DEG-CAGE and EH-CAGE. Cage formation
using orthogonal dynamic covalent reactions, namely acyl-
hydrazone and disulfide formation, was therefore confirmed
with the new N-functionalized cysteine-derived building
blocks (Figure 3). Then we varied the nature of the solvent.
First, DEG-CAGE formation was studied in a solvent system
with an increasing proportion of water, from DMSO/H,0
94/6 to 100% H,O. LC-MS analysis clearly demonstrated
cage formation from DMSO/H,O 94/6 to DMSO/H,O 25/75
(Table 1; Electronic Supplementary Information). In samples
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with less than 25% DMSO, LC-MS indicated the presence
of intermediates, which corresponded to acyl-hydrazone
condensation products with no sign of higher structure generated
by disulfide bond formation. Similarly, EH-CAGE formation was
studied in organic solvents (from 100% DMSO to 100% CHCl3)
and LC-MS showed effective cage formation up to 90% CHCI3
(Table 1; Electronic Supplementary Information). Here again,
a minimum of 10% DMSO seems to be essential for complete
cage formation, otherwise acyl-hydrazone intermediates are
formed (Electronic Supplementary Information) and do not
react further. At this stage, we explain the necessity of the
presence of the indicated percentages of DMSO in the reaction
mixture both in terms of solubility and the facilitated oxidation
of thiols to disulfides. Both cages were also characterized by
'"H NMR. To obtain the sample the original post-self-assembly
mixture was evaporated to dryness and then the residue was
re-dissolved in the deuterated solvent. The recorded 'H NMR
spectra confirmed the complex structure of the tetrapodal cages
that exist as a mixture of isomers (Figure 3C). Due to the high
complexity of these molecules, we employed semiempirical
molecular modeling (Recife Model 1) to get further insights into
the structural features of the cages (Figure 3D). Based on this
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FIGURE 2 | Synthesis of modified cysteine hydrazides. Reagents and conditions: (|) tert-butyl carbazate, EDC-HCI, HOBt, EtzN, DCM, 0°C to rt; (I) DMF/piperidine
(8:2v.v), t; () DCC, NHS, THF or DCM, rt; (IV) EtsN, DMF, r.t,; (V) TIS/TFA (90:10v.v.). See experimental section for details.

we estimated the sizes and volumes of each cage. Optimization
of DEG-Cage has shown the retained internal cage cavity in
comparison to the unmodified cage. The lengths and shape of
side chains allow them to fit fully into the side grooves of the
capsule, which causes the enhancement of molecule size and
volume (~4,200 A3 of spherical volume). The EH-Cage side
chain after optimization has no visible cavity inside the molecule.
The preferred configuration of ethyl-hexanoic chains forces the
TPE backbones of the EH-cage molecule to twist slightly around
the central axis, while aromatic adjust and stack on each other,
which constitutes the flat shape and makes the EH-cage smaller
than DEG-Cage (~3,200 A3 of spherical volume).

Fluorescence Properties

The fluorescence spectra of both cage compounds, DEG-CAGE
and EH-CAGE, were recorded in different solvent systems
at the same concentration (0.5mM). The spectra remained
essentially unaltered in all solvents, showing an emission
maximum around 510-520 nm. Both cages in all solvent mixtures
employed showed significant emission enhancement which can
be seen by comparing with the fluorescence spectrum of TPE-
ALD (Figure 4). The observed emission enhancement is caused
by rigidification and suppression of phenyl rings torsion of
the two TPE units within a single cage molecule (Shultz
and Fox, 1989). Increasing the water content decreases about
five-fold the fluorescence emission intensity of DEG-CAGE,
while, on the other hand, increasing the chloroform content
increases about two-fold the fluorescence emission intensity of
EH-CAGE (Figure 4).

CONCLUSIONS

We have reported herein the design and synthesis of new building
blocks, based on N-functionalized cysteine-derived amino acids,
for the one-pot multi-component self-assembly of fluorescent
aromatic cages. Our results establish a convenient synthetic
strategy, and show that placing such side-groups does not hinder
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cage formation—highlighting the robustness of the approach—
and enables tuning the solubility of the corresponding cage
compounds. These cages preserved interesting aggregation-
induced emission properties in a now much wider range of
solvent mixtures (from 90% CHCIl3/DMSO to 75% H,O/DMSO),
which we believe can be harnessed for sensing applications.

MATERIALS AND METHODS

Solvents and chemicals were purchased from commercial
suppliers and used without further purification. Preparative
purifications were performed by silica gel flash column
chromatography (Merck® 40-60 uM). HPLC analyses were
performed on a Waters HPLC 2695 (EC Nucleosil 300-5
C18, 125 x 3mm column, Macherey—Nagel) equipped with
a Waters 996 DAD detector. The following linear gradients
of solvent A (99.9% water and 0.1% TFA) into solvent B
(99.9% acetonitrile and 0.1% TFA) were used: 0-100% of
solvent B in 10 min; flow 1 mL/min. Retention times are given
in minutes, LC/MS analyses were performed on a Shimadzu
LCMS2020 (Phenomex Kinetex C18, 2.6 jum x 7.5c¢m, 100 A)
equipped with a SPD-M20A detector with the following linear
gradient of solvent A (99.9% water and 0.1% HCOOH) into
solvent B (99.9% acetonitrile, 0.1% HCOOH) and: 0-100%
of solvent B in 10 min; flow 1 mL/min. Retention times are
given in minutes. Fluorescence analyses were carried out on
an AF-2500 HITACHI fluorescence spectrophotometer. UV-Vis
absorption experiment was measured on UV-3100pC UVisco
spectrophotometer. Samples of cages compounds were studied
at 0.25mM concentration. Excitation wavelength was set at
320nm and emission spectra were recorded in the range 400-
600nm. 'H NMR, 3C NMR spectra were recorded at 400
MHz for 'H and 101 MHz for *C (Bruker Avance 400)
in deuterated solvents. Chemical shifts are reported in ppm
relative to the solvent residual peak. HR-MS analyses were
carried out at the Laboratoire de Mesures Physiques, IBMM,
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A FIGURE 3 | m/z for [M+2H]2 1413.6743, found 1413.95, (C) 'H NMR
spectra of DEG-Cage (top) and EH-Cage (bottom). Significant peaks were
marked according to the color pattern on the partial structures of the cages,

TPE-ALD
(D) Optimized models of cages, calculated approx. sizes for DEG-Cage r = 10
A, spnV = 4,200 A® (eft) and for EH-Cage r = 9.16 A, spnV = 3,200 A® (right).
DEG-CAGE TABLE 1 | Screening of cage formation in different solvent systems using
L-Cys-Hyd (8), DEG-L-Cys-Hyd (9), and EH-L-Cys-Hyd (10).
Entry Component® Solvents (% vol.) Cage formed
— DMSO  H,0  CHCl3
0 1 2 3 a 5 6 7 8 9 10 1 L-Cys-Hyd 94 6 - Yes
Retention time (min.) 2 DEG-L-Cys-Hyd 94 6 - Yes
B 687.70 [ + aH}* 3 DEG-L-Cys-Hyd 75 25 - Yes
1373.85 (M + 2H] 4 DEG-L-Cys-Hyd 50 50 - Yes
5 DEG-L-Cys-Hyd 25 75 - Yes
6 DEG-L-Cys-Hyd 10 90 - No
DEG-CAGE | PR TR 7 DEG-L-Cys-Hyd 5 95 - No
8 DEG-L-Cys-Hyd 0 100 - No
707.80 (M + aH[* 9 EH-L-Cys-Hyd 100 - 0 Yes
10 EH-L-Cys-Hyd 75 - 25 Yes
11 EH-L-Cys-Hyd 50 - 50 Yes
1413.95 [M + 2H]>* 12 EH-L-Cys-Hyd 25 - 75 Yes
EH-CAGE 1 13 EH-L-Cys-Hyd 10 - 90 Yes
o 14 EH-L-Cys-Hyd 5 - 95 No
600 650 700 750 8001300 1350 1400 1450 1500
m/z (Da) 15 EH-L-Cys-Hyd 0 - 100 No
C

T

'I:X “Refers to the hydrazide used in reaction with TPE-Ald.
H H H, .
H \,‘,N\ﬂﬂ -.,H%CHS
o Université de Montpellier using Micromass Q-Tof instruments.
DEG-CAGE M/\,\,A)A | The TPE aldehyde (TPE-Ald) and Fmoc-L-Cys-STr-Hyd-Boc
6 5 4 3 2

10 9 8 7 (2) were obtained according to the previously reported method
(Drozdz et al., 2017).

ﬁl@:%m Synthesis Protocols of Essential
H Hy - - -

Y Mo, Chemicals and Building Blocks

EH-CAGE uu‘/\ L Synthesis of H-L-Cys-STr-Hyd-Boc (3)

10 9

M b s G y 2 : 8 Fmoc-L-Cys-STr-Hyd-Boc (2.3 g, 3.31 mmol) was dissolved in
ppm a solution of DMF/piperidine (8:2, v/v; 70mM) and then was
D stirred for 1h in r.t. After that the reaction mixture was
concentrated in vacuo. The crude residue was purified by flash
chromatography on silica gel eluting with a gradient of DCM
100% 5 min., then 100% DCM to 90% DCM and 10% MeOH
30 min. Yield: 85%. 'H NMR (400 MHz, CDCls) § 7.48-7.40
(m, 6H), 7.32-7.26 (m, 6H), 7.24-7.19 (m, 3H), 3.01 (dd, ] =
8.7, 3.9 Hz, 1H), 2.75 (dd, ] = 13.0, 4.0 Hz, 1H), 2.57 (dd, ] =
13.0, 8.8 Hz, 1H), 1.43 (s, 9H). 13C NMR (101 MHz, CDCl3)

DEG-CAGE EH-CAGE 8 172.00, 155.09, 144.60, 129.69, 128.13, 126.98, 81.84, 67.22,
FIGURE 3 | Characterization of described cages. (A) Comparison of HPLC 53.48, 31.56, 28.24. ESI-MS: m/z calc. for [M+H] ' 478.2164,
chromatograms (310nm) of TPE-ALD, DEG-CAGE and EH-CAGE showing found 478.2161.
the formation of a single product by self-assembly, (B) ESI-MS mass spectra
of modified cages, calculated m/z for DEG-CAGE: [M+4H]*+ 687.2265, Synthesis of DEG-AE (4)

found 687.70, calculated m/z for [M+2H]2+ 1373.4458, found 1373.85; The titl d btained usi th . I ted
caloulated m/z for EH-CAGE [M-+4HJ*+ 707.3408, found 707.80, caloulated ¢ title compound was obtained using the previously reporte

(Continued) method for analogous compound (Meiftler et al., 2016). NHS
(0.8g, 7.5mmol) and 2-(2-methoxyethoxy)acetic acid (1.0g,

Frontiers in Chemistry | www.frontiersin.org 5 July 2019 | Volume 7 | Article 503

128



Konopka et al.

A DMSO/H,0
S 1000 —cys-Hydzale
5 —— DEG 94/6
@2 DEG 75/25
£ 800) __ Dc sois0
o —— DEG 25/75
8  600| = TPE-ALD 94/6
g
E 400
S
Z 200
0
400 420 440 460 480 500 520 540 560 580 600
Wavelength [nm]
B

DMSOICHCI,
1800 Cys-Hyd 94/6°
1600 —— EH 946
EH 75125
14001 gyt swso
1200 —— EH 2575
—— TPE-ALD 94/6°

Fluorescence emission
=)
=3
=)

p =
400 420 440 460 480 500 520
Wavelength [nm]

540 560 580 600

FIGURE 4 | Comparison of fluorescence plots of new cages with reference to
the unmodified cage (L-Cys-Hyd, red plot) and TPE-Ald (violet plot) (0.25 mM
solutions, excitation wavelength 320nm, range 400-600 nm). (A) Plots of
DEG-CAGE witch various ratios of DMSQ to the HoQO. (B) Plots of EH-CAGE
witch various ratios of DMSO to the CHCl3.

7.5 mmol) were dissolved in 150 mL of dry THE and then was
cooled in ice bath to (0°C). DCC (1.55g, 7.5 mmol) was added
portion wise. This was stirred for 1h at r.t. and stored in a
refrigerator overnight. The DCU precipitate was filtered off and
the filtrate was concentrated under vacuum to give a colorless oil.
The crude product was dissolved in a small amount of THE, the
resulting suspension was filtered to remove the precipitate and
the procedure was repeated until a clear solution was obtained.
Solvent was then removed under high vacuum to give a colorless
oil. Yield: 89%. 'H NMR (400 MHz, CDCl) § 4.49 (s, 2H),
3.80-3.74 (m, 2H), 3.59-3.56 (m, 2H), 3.36 (s, 3H), 2.83 (s, 4H).
13C NMR (101 MHz, CDCl3) 8 168.94, 166.07, 71.89, 71.32,
66.62, 59.10, 25.66. ESI-MS: m/z calc. for [M+H]* 232.0815,
found 232.1065.

Synthesis of EH-AE (5)

The 2-ethylhexanoic acid (160 pL, 1.0 mmol) and N-
hydroxycuccinimide (115mg) were dissolved in DCM (5mL).
After 10min. of stirring the EDC-HCl (192mg, 1.0 mmol)
was added and then the stirring was continued for 2h at r.t.
Title compound was purified by flash chromatography (gradient
elution from 0 to 10% of MeOH in DCM). Yield: 72%. "H NMR
(400 MHz, CDCl3) § 2.83 (d, J = 5.2 Hz, 4H), 2.58 (tt, ] = 8.8,
54Hz, 1H), 1.83-1.63 (m, 4H), 1.43-1.30 (m, 4H), 1.03 (t, ] =
7.5Hz,3H),0.91 (t,] = 7.1 Hz, 3H). 3CNMR (101 MHz, CDCl;)
8 171.61, 169.32, 44.92, 31.72, 29.27, 25.76, 25.64, 22.62, 13.98,
11.67. ESI-MS: m/z calc. for [M+4+H]* 242.1373, found 242.1352.
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Synthesis of DEG-L-Cys-STr-Hyd-Boc (6)

A solution of DEG-AE (231 mg, 1.0 mmol), H-L-Cys-STr-Hyd-
Boc (525mg, 1.1 mmol), and EtsN (0.28 mL, 2.0 mmol) in
DMF (30mL) was stirred for 24h at room temperature. The
solvent was then evaporated under vacuum. Resulted oily residue
was dissolved in 1 mL of acetone and precipitated in 1 M HCL
(100 mL). The white, waxy precipitate was filtered off and dried.
The crude product was purified by flash chromatography on
silica gel eluting with a gradient of MeOH in DCM (from 0 to
10% MeOH). The titled product was obtained as a white solid.
Yield: 66%. '"H NMR (400 MHz, CDCl3) § 7.44-7.39 (m, 6H),
7.32-7.26 (m, 6H), 7.24-7.19 (m, 3H), 4.08 (s, 1H), 4.04-3.87
(m, 2H), 3.65 (ddd, J = 15.8, 5.3, 3.3Hz, 2H), 3.52 (ddd, ] =
5.0, 3.2, 2.0Hz, 2H), 3.32 (s, 3H), 2.78-2.58 (m, 2H), 1.42 (s,
9H). 3C NMR (101 MHz, CDCl3) § 170.77, 169.38, 154.83,
144.44, 129.72, 128.17, 127.00, 71.60, 71.19, 70.24, 67.38, 59.06,
50.54, 32.76, 28.23. ESI-MS: m/z calc. for [2M+Na]T 1209.5012,
found 1209.5124.

Synthesis of EH-L-Cys-STr-Hyd-Boc (7)

A solution of EH-AE (241 mg, 1.0 mmol), H-L-Cys-STr-Hyd-
Boc (525mg, 1.1 mmol), and EtzN (0.28 mL, 2.0 mmol) in
DMF (30mL) was stirred for 24h at room temperature. The
solvent was then evaporated under vacuum. Resulted oily residue
was dissolved in 1 mL of acetone and precipitated in 1M HCI
(100 mL). The white, waxy precipitate was filtered off and dried.
The crude product was purified by flash chromatography on silica
gel eluting with a gradient of MeOH in DCM (from 0 to 10%
MeOH). The titled product was obtained as a white solid. Yield:
56%. 'H NMR (400 MHz, CDCl3) § 7.44-7.40 (m, 6H), 7.26 (s,
6H), 7.23-7.18 (m, 3H), 4.18 (q, ] = 7.1 Hz, 1H), 2.69 (dd, ] =
13.2, 5.5Hz, 1H), 2.59 (ddd, ] = 13.1, 8.3, 2.9 Hz, 1H), 1.94-1.81
(m, 1H), 1.61-1.43 (m, 4H), 1.41 (s, 9H), 1.31-1.18 (m, 4H), 0.87—
0.77 (m, 6H). *C NMR (101 MHz, CDCl;) § 176.83, 169.91,
154.77, 144.49, 129.64, 128.15, 126.96, 81.60, 67.24, 53.55, 49.23,
32.35, 31.05, 29.85, 28.22, 25.91, 22.87, 14.07, 12.12. ESI-MS: m/z
calc. for [2M+Na]t 1229.6092, found 1229.5532.

Synthesis of L-Cys-Hyd (8)

H-L-Cys-STr-Hyd-Boc (500 mg, 1.05 mmol) was dissolved in
TFA/TIS (95/5) solution (5mL) and stirred for 4h at room
temperature. After removal of 90% of the solvent, Et;O was
added to the residue. The precipitate was triturated with Et,O
and filtered. The crude material was then lyophilized twice to
afford the product L-Cys-Hyd as a white solid. Yield: 65%. 'H
NMR (400 MHz, CD30D) 6§ 4.14 (m, 1H), 3.03 (qd, | = 14.6,
5.9Hz, 2H). 13C NMR (101 MHz, CD30D): § = 163.32, 55.76,
25.64. ESI-MS: m/z calc. for [M+H]* 136.0545, found 136.0541.

Synthesis of DEG-L-Cys-Hyd (9)

DEG-L-Cys-STr-Hyd-Boc (594 mg, 1.00 mmol) was dissolved in
TFA/TIS (95/5v.v.) solution (10 mL) and stirred for 4 h at room
temperature. After removal of 90% of the solvent, petroleum
ether was added to the residue. A white precipitate formed, which
was then centrifuged and washed several times with petroleum
ether. The crude material was then lyophilized twice to afford the
product DEG-L-Cys-Hyd as a white solid. Yield: 78%. '"H NMR
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(400 MHz, CD30D) § 4.65-4.53 (m, 1H), 4.06 (d, ] = 2.9 Hz, 2H),
3.74-3.70 (m, 2H), 3.62-3.58 (m, 2H), 3.41 (s, 3H), 2.93 (dq, ] =
15.4, 7.4, 7.0 Hz, 2H). 13C NMR (101 MHz CD;0D) & 173.02,
170.77, 72.78, 71.92, 71.08, 59.20, 55.09, 49.00, 26.49. ESI-MS:
m/z calc. for [M+H]™ 252.1012, found 252.1522.

Synthesis of EH-L-Cys-Hyd (10)

EH-L-Cys-STr-Hyd-Boc (604 mg, 1.00 mmol) was dissolved in
TFA/TIS (95/5v.v.) solution (10 mL) and stirred for 6 h at room
temperature. After removal of 90% of the solvent, diethyl ether
was added to the oily residue. A white precipitate formed, which
was then centrifuged and washed several times with diethyl ether.
The crude material was then lyophilized twice to afford the
product EH-L-Cys-Hyd as a white solid. Yield: 84%. 'H NMR
(400 MHz, CD3;0D) § 4.47 (t, ] = 6.9Hz, 1H), 2.89 (dd, ] =
149, 6.7 Hz, 1H), 2.80 (dd, J = 13.1, 7.0 Hz, 1H), 2.22 (tt, ] =
9.6,5.0 Hz, 1H), 1.64-1.51 (m, 2H), 1.51-1.38 (m, 2H), 1.37-1.21
(m, 4H), 0.89 (dt, ] = 12.6,7.0, 6.6 Hz, 6H). '*CNMR (101 MHz,
CD;0D) 8179.12,171.09, 55.76, 39.95, 33.47, 30.74, 27.08, 23.74,
23.71, 14.32, 12.32. ESI-MS: m/z calc. for [M+H]T 262.1573,
found 262.1608.
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1. NMR spectra of building blocks
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Figure S1. 1H NMR spectrum of TPE-tetra-Aldehyde in DMSO-ds at 298K (400 MHz).
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Figure S2. 13C NMR spectrum of TPE-tetra-Aldehyde in DMSO-ds at 298K (100 MHz).
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Figure S3. 1H NMR spectrum of Fmoc-L-Cys-STr-Hyd-Boc in DMSO-ds at 298K (400 MHz).
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Figure S4. 13C NMR spectrum of Fmoc-L-Cys-STr-Hyd-Boc in DMSO-ds at 298K (100
MHz).
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Figure S5. 1H NMR spectrum of H-L-Cys-STr-Hyd-Boc in CDCls-d; at 298K (400 MHz).
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Figure S6. 13C NMR spectrum of H-L-Cys-STr-Hyd-Boc in CDCls-d; at 298K (100 MHz).
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Figure S7. 1H NMR spectrum of L-Cys-Hyd in MeOD-d, at 298K (400 MHz).
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Figure S8. 13C NMR spectrum of L-Cys-Hyd in MeOD-dy at 298K (100 MHz).
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Figure S9. 1H NMR spectrum of DEG-AE in CDClz-d; at 298K (400 MHz).
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Figure S10. 13C NMR spectrum of DEG-AE in CDCls-d; at 298K (100 MHz).
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Figure S11. 1H NMR spectrum of DEG-L-Cys-STr-Hyd-Boc in CDCl3-d; at 298K (400 MHz).
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Figure S12. 13C NMR spectrum of DEG-L-Cys-STr-Hyd-Boc in CDClz-d; at 298K (100
MHz).
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Figure S13. 1H NMR spectrum of DEG-L-Cys-Hyd in MeOD-d; at 298K (400 MHz).
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Figure S14. 13C NMR spectrum of DEG-L-Cys-Hyd in MeOD-d4 at 298K (100 MHz).
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Figure S15. 1H NMR spectrum of EH-EA in CDCls-d; at 298K (400 MHz).
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Figure S16. 13C NMR spectrum of EH-EA in CDClz-d; at 298K (100 MHz).
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Figure S17. 1H NMR spectrum of EH-L-Cys-STr-Hyd-Boc in CDCl3-d; at 298K (400 MHz).
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Figure S18. 13C NMR spectrum of EH-L-Cys-STr-Hyd-Boc in CDClz-d; at 298K (100 MHz).
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2. Procedure for cages formation

Stock solutions of TPE-Ald (50 mM) and EH-L-Cys-Hyd (150 mM) in DMSO, and DEG-L-
Cys-Hyd (150 mM) in H20 were prepared. TPE-ALD (22 mg, 0.05 mmol) was dissolved in
1.0 ml of DMSO. EH-L-Cys-Hyd (40 mg, 0.15 mmol) was dissolved in 1.0 ml of DMSO.
DEG-L-Cys-Hyd (38 mg, 0.15 mmol) was dissolved in 1.0 ml of H>0. The appropriate volume
was taken to place 1.0 pmol of TPE-Ald and 4.0 pmol of cysteine-hydrazide derivative. Each
experiment for cages formation was run in this way. Solution of TPE-Ald (50 mM, 20 pL) and
solution of cysteine-hydrazide derivative (150 mM, 30 pL) were added into empty Eppendorf
vial and then it was filled with 450 puL of solvent up to 0.5 mL of total volume. The Eppendorf
vials were heated at 50 °C for 3 days and the outcome of the reaction was monitored by LC-
MS.

3. Cages formation in different solvents

94% DMSO in water DEG-CAGE
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Figure S21. Comparison of HPLC chromatograms (310 nm) of DEG-Cage formation in
various percentage of DMSO in water. System requires at least 10% of DMSO for exclusive
DEG-Cage formation.
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EH-CAGE
1003 100% DMSO in chloroform
M k
1009 75%
%]

T T T T T T T T T T T T T

T
1009 50%
b k
T

1009 25% L
1009 10%
. m

o R

T T T T Trr
T

o R

1009 5%

x A M~
1009 0%

%

04 Time

1.00 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Figure S22. Comparison of HPLC chromatograms (310 nm) of EH-Cage formation in various
percentage of DMSO in chloroform. System requires at least 25% of DMSO for exclusive EH-
Cage formation. Partially EH-Cage formation is observed for 10% of DMSO in chloroform.
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4. Cages formation intermediates characterization

Extracted m/z 678.22 chromatogram.

Chemical Formula: C3gH3sN30;S
Exact Mass: 677,2196
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Figure S22. Extracted chromatogram for m/z 678.22 from LC-MS trace of equilibrating
mixture of DEG-Cage formation after 24h (top). Mass spectra of DEG-Cage-intermediate,
mono-acylhydrazone, calculated m/z for [M+H]+ 678.2269, found 678.20, calculated m/z for
[M+Na]* 700.2088, found 700.15, calculated m/z for [2M+H]* 1355.4465, found 1355.55
(down).
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Extracted m/z 911.32 chromatogram.

Chemical Formula: C4sHs0NgO10S2
Exact Mass: 910,3030
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Figure S23. Extracted chromatogram for m/z 911.32 from LC-MS trace of equilibrating
mixture of DEG-Cage formation after 24h (top). Mass spectra of DEG-Cage-intermediate, di-
acylhydrazone, calculated m/z for [M+H]* 911.3103, found 911.32, calculated m/z for [M+Na]*
933.2922, found 933.26 (down).
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Extracted m/z 1144.45 chromatogram.
o SH HS. o
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Figure S24. Extracted chromatogram for m/z 1144.45 from LC-MS trace of equilibrating
mixture of DEG-Cage formation after 24h (top). Mass spectra of DEG-Cage-intermediate, tri-
acylhydrazone, calculated m/z for [M+H+K]** 591.6784, found 592.03, calculated m/z for
[M+H]" 1144.3937, found 1144.45, calculated m/z for [M+Na]* 1166.3756, found 1166.45
(down).
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Extracted m/z 1377.65 chromatogram.
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Figure S25. Extracted chromatogram for m/z 1377.65 from LC-MS trace of equilibrating
mixture of DEG-Cage formation after 24h (top). Mass spectra of DEG-Cage-intermediate,
tetra-acylhydrazone, calculated m/z for [M+2H]** 689.2422, found 689.69, calculated m/z for
[M+2Na]** 711.2241, found 711.23, calculated m/z for [M+H]* 1377.4771, found 1377.65
(down).
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Extracted m/z 688.28 chromatogram.

Chemical Formula: C41H44N305S
Exact Mass: 687,2767
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Figure S26. Extracted chromatogram for m/z 688.28 from LC-MS trace of equilibrating

mixture of EH-Cage formation after 24h (top). Mass spectra of EH-Cage-intermediate, mono-

acylhydrazone, calculated m/z for [M+H]* 688.2839, found 688.30, calculated m/z for
[2M+H]* 1375.5607, found 1375.70 (down).
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Extracted m/z 931.42 chromatogram. Q H H? o]

Chemical Formula: Cs;HgaNgOgS2
Exact Mass: 930,4172
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Figure S27. Extracted chromatogram for m/z 931.42 from LC-MS trace of equilibrating
mixture of EH-Cage formation after 24h (top). Mass spectra of EH-Cage-intermediate, di-
acylhydrazone, calculated m/z for [M+H]* 931.4245, found 931.45, calculated m/z for [M+Na]*
953.4064, found 953.50 (down).
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Extracted m/z 1174.56 chromatogram.
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Figure S28. Extracted chromatogram for m/z 1174.56 from LC-MS trace of equilibrating
mixture of EH-Cage formation after 24h (top). Mass spectra of EH-Cage-intermediate, tri-
acylhydrazone, calculated m/z for [M+2H2]* 587.7862, found 587.80, calculated m/z for
[M+H]" 1174.5651, found 1174.70 (down).
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Extracted m/z 709.35 chromatogram.
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Figure S29. Extracted chromatogram for m/z 709.35 from LC-MS trace of equilibrating
mixture of EH-Cage formation after 24h (top). Mass spectra of EH-Cage-intermediate, tetra-
acylhydrazone, calculated m/z for [M+2H]** 709.3564, found 709.75, calculated m/z for
[M+H]" 1417.7056, found 1418.00 (down).
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5. NMR Spectra of cages
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Figure S30. 1H NMR spectra of DEG-Cage in DMSO-ds at 298K (400 MHz).
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Figure S31. Comparison of |H NMR spectra of DEG-Cage and 1H NMR of substrates
DEG-Cys-Hyd and TPE-Ald at 298K (400 MHz).
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Figure S32. 1H NMR spectra of EH-Cage in MeOD-d. at 298K (400 MHz).
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Figure S33. Comparison of |H NMR spectra of EH-Cage and 1H NMR of substrates EH-
Cys-Hyd and TPE-Ald at 298K (400 MHz).
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6. Molecular modelling

a)

10.0A

Figure S34. The structure of N-unmodified cage optimized using semiempirical method Recife
Model 1 (RM1), a reparameterization of AM1 semiempirical method for H, C, N, O, P, S, F,
Cl, Br, and I (Rocha, G. B., Freire, R. O., Simas, A. M. and Stewart, J. J., J. Comput. Chem.,
(2006) 27: 1101-1111.); a) top view, approx. radius 10 A and b) side view, approx. height 6.15

A. Estimated spherical volume 2000 A*. The CPK surface shows no internal cavity inside the
molecule.
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We report herein a facile and widely applicable microwave-assisted protocol for the synthesis of
symmetrical diimides based on three structurally distinct aromatic dianhydrides: pyromellitic (PMA),
biphenyl-tetracarboxylic acid (BPDA) and benzophenone-tetracarboxylic (BTDA) and five natural amino
acids (Phe, Tyr, lle, Lys, Cys). Fifteen symmetrical diimides with different structural characteristics
containing a variety of functional groups can be produced with high yields and on a large scale.
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Introduction

Symmetrical diimides have found a wide spectrum of uses in
the last decade." The vast majority of these materials have
structures based on naphthalene diimide (NDI) or perylene
bisimide (PBI) cores."* Both systems have constituted essential
components of numerous non-covalent polymers** and self-
assembled supramolecular architectures,”® and have been
used in DNA complexation’ and biomolecular recognition.'®"*
Currently, there is an increased interest in this class of
compounds, especially those bearing unique functional
substituents and containing alternative central diimide cores,
due to their significant application potential in materials
chemistry and receptors in supramolecular chemistry.””*
Despite the widely reported synthetic methodologies for the
preparation of NDI and PBI derivatives, the literature protocols
concerning compounds that are alternatives to them are scant.

It has been previously shown that #-amino acid derived NDIs
can be obtained in high yields by microwave assisted
synthesis.**** Although the protocols developed have consider-
ably improved the preparation of these molecules in terms of
time and ease of workup, the studies were devoted to a single
group of diimides only i.e. NDIs, leaving the others to be syn-
thesised by classical synthesis which was found to be dependent
in an ill understood manner on the particular choice of dia-
nhydride and amine. Thus, the synthesis of this important
group of molecules is still associated with time-consuming and
complicated protocols often leading to contaminated products

“Faculty of Chemistry, Adam Mickiewicz University, Umultowska 89b, 61-614 Poznan,
Poland. E-mail: ars@amu.edu.pl

"Center for Advanced Technologies, Adam Mickiewicz University, Umultowska 89¢, 61-
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in low yields.”** In addition, purification of these molecules is
usually very difficult because of their generally low solubility
and tendency to form undefined polymeric materials. For these
reasons, the development of an accessible methodology based
on microwave-assisted synthesis of non-NDI/PBI diimides in
short reaction times, with easy work up and in high yields is
greatly desirable from the viewpoints of both synthesis and the
application potential of these molecules.

Here, we describe a one-step process for microwave assisted
synthesis of symmetrical «-amino acid derived diimides based
on three structurally distinct aromatic cores namely, pyro-
mellitic dianhydride (PMA),* biphenyl-tetracarboxylic acid
dianhydride (BPDA)** and benzophenone-tetracarboxylic acid
dianhydride (BTDA)? (Scheme 1). We chose these anhydrides
due to their potential to deliver diimides with properties
different to those of NDIs and PBIs. The PMA little core was
found as an interesting platform for designing n-channel
transistor semiconductors based on pyromellitic diimides.**
BPDA introduces a free rotation axis in the center of diimide

Q o DMAP Q 0
HaN DMF R COOH
+ 7 )-COOH 3N N~
R microwave oven  HOOC R
0 e} 140 °C, 10 min 0 0

3 dianhydrides 5 L-amino acids Diimides 15 examples

70 - 90% yields

Q o Q 0 o
Q- om 'SORe
o o o e}

PMA BPDA BTDA

R = side chain of: L-Phe, L-Tyr, L-lle, Ne-Boc-L-Lys , STr-L-Cys

Scheme 1 General synthetic method for the microwave assisted
preparation of symmetrical diimides from three distinct dianhydrides
and a-amino acids.

y of Chemistry 2018
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molecule and this offers a means to engender of new class of
symmetrical diimides with greater conformational lability.
BTDA has a ketone group in the center of molecule which offers
prospects for further modification or provision of an attach-
ment point for coupling of two or more diimide molecules into
larger systems.* Use of well-known reversible reactions like
imine formation, reductive amination or formation of hemi-
thioacetals was seen as a pathway to further variations. All three
aromatic platforms were functionalized with five different
amino acids: t-phenylalanine, i-tyrosine, L-isoleucine, Ne-Boc-1-
lysine and S-Tr-i-cysteine. These were selected as structurally
diverse species providing a stringent test of the sensitivity of our
methods to the presence of several functional groups. We have
prepared fifteen diimides, nine of them new, in very high yields
independent of the reaction scale, and without evidence of
racemization at the chiral centers.

Results and discussion
General synthetic methodology

The enantiomerically pure diimides were synthesized as shown
in Scheme 1. The reactions were conducted in pressure-
resistant glass vessels with a total volume of ~10 mlL,
designed for CEM microwave ovens and closed with silicone/
PTFE caps.

The optimal scale for these reactions was to use 0.5 mmol of
an anhydride, 1.0 mmol of amino acid, and ~2 mmol of base,
which is equal to less than 1 g of total material load. We found
that higher loadings led to significant contamination with
thermal decomposition products. The reaction mixtures were
irradiated for 10 min at 140 °C using full microwave power (300
W) for the temperature ramping (~30 s) followed by short pulses
(20-40 W) to maintain the scheduled conditions. After cooling to
room temperature, the reaction mixtures were poured into
hydrochloric acid (1.0 mol x dm™), the solid product was
filtered off, washed with deionized water and dried in high
vacuum for 12 h. This procedure turned out to be sufficient to
obtain the desired products with high spectroscopic and analyt-
ical purity (See Experimental section for details).

Method optimisation

We found that the procedure originally presented by Pantos
et al.*>'® for naphthalene diimides (NDI), which utilizes DMF as
a solvent and triethylamine (Et;N) as a base catalyst, could also

View Article Online
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be used for the systems described here but the use of these
reagents is associated with certain difficulties. Although DMF is
perfectly suited for conducting nucleophilic reactions under
microwave conditions, due to its high dipole moment and low
vapor pressure, as well as its stability under microwave condi-
tions, very often its residues are problematic during reaction
work-up and purification of the products. Et;N, due to its very
high volatility, generates high pressures (0.5-1.0 MPa) in the
closed reaction systems, which limits its application only to
expensive high-pressure reactors with fixed volume and
synthesis scales. To facilitate reaction work-up and be able to
carry out reaction on the larger scales at atmospheric pressure,
we therefore investigated modification of this procedure. The
reaction between PMA and r-phenylalanine was chosen as
a model for the optimization of the synthetic methodology.
These reagents give the diimide, PMI-Phe, in the form of very
fine powder requiring only a simple water wash during workup.
Two different solvents, N,N-dimethylformamide (DMF) and
acetonitrile (MeCN), and three bases: triethylamine (Et;N), 4-
(dimethylamino)pyridine) (DMAP), and 1,4-diazabicyclo[2.2.2]
octane (DABCO) were selected for the test reactions.

The outcomes of the reactions performed under the different
conditions are shown in Table 1. The highest yield (= 87%) was
observed when DMF and DMAP were employed as solvent and
base, respectively. Despite the fact that MeCN slightly reduces
the reaction yields (down to =79% and =63% for the DABCO
and DMAP, respectively), it is an interesting alternative for
DMF, especially when fully aliphatic amino acids are used (see
ahead). Complete removal of DMF from the products was
possible through a combination of several water rinses, ultra-
sonic irradiation and pumping in vacuum, but in some cases, it
was a very time-consuming process. The previously proposed
pre-evaporation of the DMF"® from the reaction mixtures
seems to be helpful but it does not solve the trace contamina-
tion problem. What we have now found is that the use of
acetonitrile instead of DMF greatly facilitates the work-up, and
significantly improves the separation and drying processes.

The poorest results were obtained when DMF/DABCO and
MeCN/Et;N pairs were employed. While the first pair is ineffi-
cient and gives contaminated products, the second generates
high overpressure, which is problematic even for a dedicated
microwave reactor. On the basis of these initial observations, we
decided to synthesize the entire series of symmetrically func-
tionalised diimides using the DMF/DMAP pair, since this gave
the highest yield for the model reaction. As shown in Table 2, all

Table 1 Comparison between the reaction yields under different solvent/base conditions for representative reaction between PMA and L-Phe

Entry® Base Solvent Reaction time® (min) Temp. (°C) Yield® (%)
1 Et;N DMF 10 140 71-75
2 EG;N MeCN 10 140 72-74
3 DABCO DMF 10 140 51-56
4 DABCO MeCN 10 140 77-81
5 DMAP DMF 10 140 85-88
6 DMAP MeCN 10 140 61-65

“ Reactions were carried out on 0.5 mmol of dianhydride, 1.0 mmol of amino acid, 2.0 mmol of base and 5 mL of the solvent. * Excluding
temperature ramping. ¢ Each reaction was repeated 3-times, giving isolation yields in the ranges shown.

This journal is © The Royal Sc
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Table 2 List of synthesized symmetrical diimides with structures and abbreviations
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Amino

Entry Dianhydride acid Product

Abbreviation

Reaction
time” (min)

Reaction
temp. (°C) Yield® (%)

1 PMA
2 PMA
3 PMA
4 PMA
5 PMA
6 BPDA
7 BPDA
8 BPDA
9 BPDA
10 BPDA
11 BTDA
12 BTDA

Hooc
L-Phe
Hoog,
T
HO

-Ile
HDOC

HOOC,

S-Tr-.-Cys
g4 Phgcs—)_

Ne-Boc-1-Lys L\_>—

HOOC

-Phe

L-Tyr

S-Tr-1-Cys

-%}_NH

HOOC

Ne-Boc-i-Lys

?@i

COOH

SCPh3

COOH

COOH

HOOC
borad0
COOH
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PMI-Phe 10
PMI-Tyr 10
PMI-Ile 10
PMI-Cys 10
PMI-Lys 10
BPDI-Phe 10
BPDI-Tyr 10
BPDI-1le 10
BPDI-Cys 10
BPDI-Lys 10
BTDI-Phe 10
BTDI-Tyr 10
This journal is © The Royal Soc

140 87
140 87
140 72
140 75
140 70
140 84
140 72
140 72
140 90
140 75
140 75
140 76
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Table 2 (Contd.)
Amino Reaction Reaction
Entry Dianhydride acid Product” Abbreviation time? (min) temp. (°C) Yield* (%)
o Q o
\_Q COOoH
13 BTDA 1-Ile N O O N—, BTDI-1le 10 140 79
HOOC _h
o 0
0 o o
PhyCS COOH
14 BTDA S-Tr-1-Cys = O O v~ BIDICys 10 140 90
HOOC SCPhy
o (e}
>
JNH
o o Q o]
e
N N
15 BTDA Ne-Boc-1-Lys Hood ‘Q_\ BTDI-Lys 10 140 70
o o

HN_QZ <

“ Reactions were carried out on 0.5 mmol of dianhydride, 1.0 mmol of amino acid and 2.0 mmol of DMAP in 5 mL of DMF. ? Excluding temperature

ramping. ¢ Yield of isolated product.

fifteen different diimides were obtained in high yields and
purities, indicating the broad utility of the procedure and thus
that it should be useful for the synthesis of any desired diimide.
We have not found any marked dependence on the structure of
the substrates used and consider that the minor variations in
yield are probably due to differences in solvation. In Fig. 1 we
present the stacked 'H-NMR spectra of molecules PMI-Phe
(blue), BPDI-Phe (green), BTDI-Phe (red) with r-phenylalanine
and three structurally different dianhydrides. Signals due to the
«-CH and B-CH, protons of the amino acid residue appear at
essentially identical positions (= 5.2 and 3.4 ppm, respectively).

Importantly, it was previously found that racemization of
amino acid may occur when the fusion with anhydride is

Q o)
COOH
O~
HOOC
e} e}
aromatic core
Ph-H a-CH B-CH,

S GRS

BPDI-Phe l . 1

I}

90 85 80 75 70 65 60 55 50 45

BTDI-Phe

PMI-Phe

Y
A

| R

-

40 35 3.0 25 20

Fig.1 'H NMR (300 MHz, DMSO-ds) spectra of PMI-Phe (blue), BPDI
(green), BTDI-Phe (red). Peaks description: «-CH (2H), B-CH, (4H) and
Ph-H (10H) stands from L-phenylalanine moieties.
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conducted at high temperature.® In the present case, due to the
presence of two chiral centers, it is possible to generate three
products with LL, DD and DL configurations. However, the high
symmetry of signals in the 'H NMR spectra, namely single set of
resonances for «-CH and B-CH, protons implies that the applied
methodology leads to the formation of enantiomerically pure
products. The only noticeable but obvious difference between
the three spectra is the distribution of aromatic signals from
central aromatic cores.

To further confirm this, we performed the test reaction
between PMA dianhydride and racemic tyrosine. Indeed as ex-
pected, the use of the substrate in its racemic form has led to
a mixture of diastereomeric products whose presence was
manifested by the multiplication of all resonances in the 'H
NMR spectrum, in contrast to the fully symmetrical spectrum
observed when chirally pure amino acids were used (Fig. 2).

Large scale synthesis

The synthesis of symmetrical diimides is usually the first step in
the synthesis of functionalized monomers used in self-
assembled systems such as dynamers,* so relatively large
quantities of these precursors are often required. Therefore, we
investigated whether the method above might be applied in
reaction at a larger scale while maintaining the high yields and
purities obtained in test reactions.

The high scale reactions were performed using 10.0 mmol of
appropriate amino acid, and 5.0 mmol of dianhydride. The non-
pressurized DMF/DMAP system was found to be well suited for
the open vessel conditions. Reactions were conducted in
a standard 100 mL round-bottom flask with an air-cooled
condenser to provide reflux. Using the standard reaction
times (10 min) the expected products were obtained in essen-
tially identical yields compared to that observed in low scale
under pressurized conditions. We were able to obtainup to 5 g

RSC Adv., 2018, 8, 20840-29846 | 29843
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PMA + 2 L-Tyr PMI-Tyr

pure LL product
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PMA+2LD-Tyr — - PMI-Tyr
LL, DD, DL mixture

—_ M
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91 89 8.7 85 83 81 7.0 68 66

ppm

Fig.2 'H NMR (300 MHz, DMSO-ds) spectra of the products isolated
after reaction of PMA dianhydride with chirally pure L-tyrosine (top)
and racemic tyrosine (bottom).

35 33

of pure diimide in one large-scale batch and use it for further
modification. The MeCN/DABCO system was also found to be
useful in open-vessel reactions but due to the low boiling point
of acetonitrile (82 °C), it was necessary to extend the reaction
time up to 20 minutes in order to obtain yields comparable to
that obtained under high pressure. The results of six large scale
syntheses are shown in Table 3.

By conducting reactions at lower temperature (82 °C, 10 min)
in the MeCN/DABCO mixture we were able to observe reaction
intermediates, among which the most interesting are mono-
substitution products that are essential in the synthesis of
unsymmetrical bis-substituted compounds. Unfortunately,
despite the utilisation of both thermodynamic and stoichio-
metric control, we were not able to isolate them using meth-
odology presented in this work, as their high solubility in all
range of solvents prevents their effective precipitation from
reaction mixtures. Although it was possible to separate the
monosubstituted products by reverse phase HPLC methods, we
believe that easier and more efficient synthetic and isolation
protocols may be developed which will open the way for the
desymmetrisation of the presented diimides in the future.

Experimental
General considerations
All chemicals and solvents were purchased from commercial

sources and used as received. NMR solvents were purchased

Table 3 Large scale synthesis results
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Paper

from Deutero GmbH (Germany). NMR spectra were acquired on
Bruker Fourier 300 spectrometer equipped with 1H/13C 5 mm
probe, at 298 K and were referenced on solvent residual peaks.
Mass spectra were recorded on Bruker Impact HD Q-TOF
spectrometer in negative ion mode. Elemental analyses were
obtained using an Elemental Analyser Vario EL III. Samples
were dried for 12 h under high vacuum prior to analysis. The
microwave assisted reactions were performed on CEM Discover
SP oven.

General method for the synthesis of symmetrical diimides

Arepresentative example is that of the PMA and L-phenylalanine
reaction. .-Phenylalanine (165.2 mg, 1.0 mmol), PMA (109.0 mg,
0.5 mmol) and DMAP (244.0 mg, 2.0 mmol) were placed in
a glass vessel and suspended in 5 mL of dry DMF. The mixture
was sonicated until complete dissolution had occurred. The
vessel was sealed with a silicon cap and placed in a microwave
oven. The mixture was heated at 140 °C for 10 min. After cool-
ing, the mixture was poured into 50 mL of hydrochloric acid
(1 mol x dm™>). The precipitate was filtered off and washed
with 200 mL of water to remove residual DMF. The solid residue
was dried under high vacuum. Yield: 223 mg (87%) of PMI-Phe.

General method for the large-scale synthesis of symmetrical
diimides
A representative example again is that of the PMA/t-phenylala-
nine reaction. PMA (1.09 g, 5.0 mmol), .-phenylalanine (1.65 g,
10.0 mmol) and DMAP (2.44 g, 20.0 mmol) were placed in
100 mL round-bottom flask and dissolved in 50 mL of dry DMF.
The solution was heated in the microwave oven at 180 W for
10 min under open vessel conditions with an air condenser. The
resulting solution was concentrated to a 10 mL volume on
a rotary evaporator before being mixed with 200 mL of hydro-
chlorie acid (1 mol x dm™®). The white precipitate was filtered
off, washed with 500 mL of water and dried under high vacuum.
Yield 2.12 g (83%) of PMI-Phe.

PMI-Phe. 'H NMR (300 MHz, DMSO-dg) 6 13.47 (s, 2H), 8.22
(s, 2H), 7.23-7.07 (m, 10H), 5.16 (dd, J = 11.3, 4.8 Hz, 2H), 3.50
(dd,J = 14.1, 4.8 Hz, 2H), 3.39-3.24 (m, 2H). **C NMR (75 MHz,
DMSO-dg) & 169.61, 165.18, 137.11, 136.24, 128.75, 128.40,
126.66, 118.51, 53.60, 33.92. ESI-MS: m/z calculated for: [M —
H]™ 511.1147, found: 511.1153. Elemental analysis calced (%) for

Entry Product® Solvent Base Reaction time” (min) Reaction temp. (°C) Yield® (%)
1 PMI-Phe DMF DMAP 10 145 88
2 PMI-1le MeCN DABCO 20 824 70
3 BPDI-Phe DMF DMAP 10 145 82
4 BPDI-Ile DMF DMAP 10 145° 71
5 BTDI-Phe DMF DMAP 10 145° 73
6 BTDI-1lle MeCN DABCO 20 824 75

4 Reactions were carried out on 5.0 mmol of dianhydride, 10.0 mmol of amino acid and 20.0 mmol of base in 50 mL of given solvent. ° At constant

microwave power = 180 W. ° £5 °C maintained at constant power.
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Boiling point of the solvent. ¢ Yield of isolated product.
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CogH0N,0g: C 65.62, H 3.93, N 5.47; found: C 65.75, H 3.82, N
5.52.

PMI-Tyr. "H NMR (300 MHz, DMSO-de) 6 13.40 (s, 2H), 9.15
(s, 2H), 8.22 (s, 2H), 6.92 (d, J = 8.0 Hz, 4H), 6.53 (d, J = 7.9 Hz,
4H), 5.05 (dd, f = 11.6, 4.8 Hz, 2H), 3.43-3.29 (m, 2H), 3.25-3.13
(m, 2H). >C NMR (75 MHz, DMSO-d;) 6 169.69, 165.21, 155.89,
136.26, 129.70, 127.05, 118.48, 115.23, 53.97, 33.07. ESI-MS: m/z
calculated for: [M — H]  543.1045, found: 543.1048. Elemental
analysis caled (%) for CpgHyoN,040: C 61.77, H 3.70, N 5.15;
found: C 61.72, H 3.73, N 5.11.

PMI-Ile. 'H NMR (300 MHz, DMSO-d;) 6 13.16 (s, 2H), 8.33 (s,
2H), 4.60 (d, J = 7.8 Hz, 2H), 2.45-2.31 (m, 2H), 1.50 (ddd, ] =
13.4, 7.6, 3.6 Hz, 2H), 1.06 (d, ] = 6.7 Hz, 6H), 1.03-0.92 (m, 2H),
0.81 (t, J = 7.3 Hz, 6H). '°C NMR (75 MHz, DMSO-dq) § 169.46,
165.80, 136.54, 118.44, 57.02, 34.05, 25.28, 16.66, 10.93. ESI-MS:
m/z calculated for: [M — H]  443.1460, found: 443.1461.
Elemental analysis caled (%) for Ca,Hp4N,Og: C 59.46, H 5.44, N
6.30; found: C 59.34, H 5.48, N 6.34.

PMI-Lys. 'H NMR (300 MHz, DMSO-d;) § 13.27 (s, 2H), 8.32
(s,2H), 6.71 (t,] = 5.7 Hz, 2H), 4.80 (dd, J = 7.7 Hz, 2H), 2.84 (q, ]
= 6.4 Hz, 4H), 2.14-2.05 (m, 4H), 1.40-1.21 (m, 26H). **C NMR
(75 MHz, DMSO-dg) 6 170.15, 165.66, 155.55, 136.67, 118.31,
77.27, 52.34, 28.99, 28.18, 27.71, 23.06. ESI-MS: m/z calculated
for: [M — H]  673.2726, found: 673.2737. Elemental analysis
caled (%) for C33H,,N,04,: C 56.97, H 6.27, N 8.30; found: C
57.13, H 6.25, N 8.40.

PMI-Cys. 'H NMR (600 MHz, DMSO-ds) 6 13.66 (s, 2H), 8.38-
8.27 (m, 2H), 7.30-7.26 (m, 32H), 4.59 (ddp, J = 14.2, 9.2, 4.8 Hz,
2H), 3.11-3.03 (m, 2H), 3.01-2.94 (m, 2H). *C NMR (151 MHz,
DMSO) 6 168.52, 165.02, 143.75, 136.42, 129.03, 128.31, 128.12,
126.22, 66.66, 55.82, 39.52, 30.37. ESI-MS: m/z calculated for: [M
— H] 907.2153, found: 907.2158. Elemental analysis caled (%)
for CsyHyoN,04S,: C 71.35, H 4.44, N 3.08; found: C 71.44, H
4.73, N 3.11.

BPDI-Phe. '"H NMR (300 MHz, DMSO-ds) 6 13.38 (s, 2H),
8.31-8.18 (m, 4H), 7.94 (d, J = 8.2 Hz, 2H), 7.22-7.08 (m, 10H),
5.15 (dd, J = 11.6, 4.8 Hz, 2H), 3.50 (dd, J = 14.1, 4.9 Hz, 2H),
3.42-3.35 (m, 2H). *C NMR (75 MHz, DMSO-d) & 170.04,
166.68, 144.64, 137.30, 134.14, 131.70, 130.46, 128.74, 128.37,
126.61, 124.05, 122.61, 53.11, 33.96. ESI-MS: m/z calculated for:
[M — H] 587.1460, found: 587.1465. Elemental analysis calcd
(%) for C34H24N,04: C 69.38, H 4.11, N 4.76; found: C 69.42, H
4.27, N 4.82.

BPDI-Tyr. '"H NMR (300 MHz, DMSO-d,) 6 13.32 (s, 2H), 9.15
(s, 2H), 8.29-8.16 (m, 4H), 7.97-7.93 (m, 2H), 6.94 (d, ] = 8.1 Hz,
4H), 6.55 (d, J = 8.1 Hz, 4H), 5.05 (dd, ] = 11.6, 4.9 Hz, 2H), 3.37
(dd, J = 14.2, 4.9 Hz, 2H), 3.25 (dd, J = 14.2, 11.7 Hz, 2H). °C
NMR (75 MHz, DMSO) ¢ 170.16, 166.77, 155.89, 144.68, 134.14,
131.77, 130.53, 129.71, 127.27, 124.06, 122.62, 115.23, 53.44,
33.14. ESI-MS: m/z calculated for: [M — H]~ 619.1358, found:
619.1359. Elemental analysis caled (%) for CzsH4N,040: C
65.81, H, 3.90, N 4.51; found: C 65.77, H 4.03, N 4.62.

BPDI-Ile. 'H NMR (300 MHz, DMSO-ds) 6 13.07 (s, 2H), 8.33
(d,J = 8.3 Hz, 4H), 8.05 (d, ] = 7.8 Hz, 2H), 4.55 (d, ] = 8.1 Hz,
2H), 2.39 (t,J = 8.3 Hz, 2H), 1.49 (ddd, J = 13.5, 7.5, 3.5 Hz, 2H),
1.07 (d, J = 6.7 Hz, 6H), 1.04-0.94 (m, 2H), 0.81 (t, /] = 7.3 Hz,
6H). '*C NMR (75 MHz, DMSO-d,) & 169.87, 167.13, 144.77,
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134.09, 132.05, 130.78, 124.19, 122.63, 56.56, 33.94, 16.85,
10.87. ESI-MS: m/z calculated for: [M — H]™ 519.1773, found:
519.1764. Elemental analysis calcd (%) for C,3H;3N,04: C 64.61,
H 5.42, N 5.38; found: C 64.67, H 5.73, N 5.31.

BPDI-Lys. "H NMR (300 MHz, DMSO-d,) ¢ 13.19 (s, 2H), 8.33
(d,] = 7.3 Hz, 4H), 8.04 (d, J = 8.0 Hz, 2H), 6.74 (d, J = 6.2 Hz,
2H), 4.76 (t, ] = 7.8 Hz, 2H), 2.86 (q, ] = 6.2 Hz, 4H), 2.20-2.02
(m, 4H), 1.30 (s, 26H). *C NMR (75 MHz, DMSO) é 170.53,
167.04, 155.56, 144.70, 133.98, 132.21, 130.93, 124.15, 122.52,
77.27, 51.91, 29.02, 28.97, 28.20, 27.80, 23.16. ESI-MS: m/z
calculated for: [M — H]~ 749.3039, found: 749.3042. Elemental
analysis caled (%) for CssH,6N,0pp: C 60.79, H 6.18, N 7.46;
found: C 60.73, H 6.23, N 7.51.

BPDI-Cys. 'H NMR (600 MHz, DMSO-d,) 6 8.33 (dd, J = 24.6,
16.7 Hz, 4H), 8.04 (d, J = 7.7 Hz, 2H), 7.28-7.20 (m, 30H), 4.56
(dd,j = 11.4, 4.5 Hz, 2H), 3.09 (t, / = 12.9 Hz, 2H), 2.91 (dd, ] =
13.1, 4.3 Hz, 2H). >C NMR (151 MHz, DMSO) § 168.86, 166.50,
143.97, 143.76, 129.02, 128.32, 128.10, 127.76, 127.50, 126.88,
126.22, 66.50, 55.77, 39.52, 30.59. ESI-MS: m/z calculated for: [M
— H] ™ 983.2466, found: 983.2485. Elemental analysis calcd (%)
for CepHyuN,OgS,: C 73.15, H 4.50, N 2.84; found: C 73.24, H
4.63, N 2.89.

BTDI-Phe. 'H NMR (300 MHz, DMSO-de) 6 13.49 (s, 2H),
8.24-8.10 (m, 3H), 8.06-7.97 (m, 3H), 7.18 (d, / = 4.2 Hz, 10H),
5.18 (dd, J = 11.6, 4.8 Hz, 2H), 3.51 (dd, J = 14.1, 5.0 Hz, 2H),
3.35 (dd, J = 14.0, 11.5 Hz, 3H). "*C NMR (75 MHz, DMSO-d)
6 193.05, 169.86, 166.28, 141.85, 137.22, 136.35, 133.59, 130.86,
128.73,128.38, 126.64, 124,05, 123.85, 53.28, 33,94, ESI-MS: m/z
calculated for: [M — H]™ 615.1409, found: 615.1413. Elemental
analysis caled (%) for CzsH4N,0: C 68.18, H 3.92, N 4.54;
found: C 68.33, H 3.83, N 4.61.

BTDI-Tyr. 'H NMR (300 MHz, DMSO-d) 6 13.43 (s, 2H), 9.17
(s, 2H), 8.19-8.00 (m, 6H), 6.94 (d, J = 8.2 Hz, 4H), 6.56 (d, J =
8.5 Hz, 4H), 5.08 (dd, J = 11.5, 4.9 Hz, 2H), 3.38 (dd, J = 14.2,
4.9 Hz, 2H), 3.24 (dd, J = 14.2, 11.6 Hz, 2H). ">C NMR (75 MHz,
DMSO-dg) 6 193.09, 169.98, 166.34, 155.89, 141.86, 136.39,
133.67, 130.94, 129.69, 127.16, 124.07, 123.85, 115.23, 53.61,
33.10. ESI-MS: m/z calculated for: [M — H]~ 647.1307, found:
647.1309. Elemental analysis caled (%) for CisHaN»O15: C
64.82, H 3.73, N 4.32; found: C 64.87, H 3.93, N 4.26.

BTDI-Ile. "H NMR (300 MHz, DMSO-dg) 6 13.12 (s, 2H), 8.26~
8.09 (m, 6H), 4.57 (d, J = 8.0 Hz, 2H), 2.47-2.30 (m, 2H), 1.62—
1.38 (m, 2H), 1.07 (d, ] = 6.7 Hz, 6H), 1.02-0.86 (m, 2H), 0.81 (t, ]
= 7.3 Hz, 6H). °C NMR (75 MHz, DMSO-d,) ¢ 193.30, 169.68,
166.75, 141.86, 136.24, 134.03, 131.26, 124.13, 123.93, 56.74,
33.99, 25.33, 16.75, 10.91. ESI-MS: m/z calculated for: [M — H]~
547.1722, found: 547.1725. Elemental analysis caled (%) for
Ca9H,5N,00: € 63.50, H 5.15, N 5.11; found: C 63.57, H 5.25, N
5.24.

BTDI-Lys. '"H NMR (300 MHz, DMSO-d) 6 13.22 (s, 2H), 8.27—
7.97 (m, 6H), 6.73 (t,] = 5.9 Hz, 2H), 4.77 (t, ] = 7.7 Hz, 2H), 2.86
(dd,] = 12.5, 6.3 Hz, 4H), 2.09 (t, ] = 7.9 Hz, 4H), 1.48-1.11 (m,
26H). >C NMR (75 MHz, DMSO-d,) 6 193.31, 170.38, 166.66,
155.57, 141.81, 136.17, 134.20, 131.41, 124.02, 123.92, 77.31,
52.10, 29.02, 28.22, 27.80, 27.73, 23.14. ESI-MS: m/z calculated
for: [M — H]~ 777.2989, found: 777.3006. Elemental analysis
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caled (%) for C3oH,6N,043: C 60.15, H 5.95, N 7.19; found: C
60.32, H 6.13, N 7.27.

BTDI-Cys. "H NMR (600 MHz, DMSO-d) 6 13.57 (s, 2H), 8.27-
8.20 (m, 3H), 8.17-8.09 (m, 3H), 7.29 (dd, J = 9.2, 5.9 Hz, 30H),
4.62 (dd, J = 11.0, 5.0 Hz, 2H), 3.15-3.08 (m, 2H), 2.98 (dd, J =
14.1, 5.0 Hz, 2H). ’C NMR (151 MHz, DMSO) § 193.14, 168.78,
166.10, 143.96, 143.77, 129.07, 129.05, 128.33, 128.13, 127.81,
127.51, 126.92, 126.23, 66.66, 55.85, 30.46. ESI-MS: m/z calcu-
lated for: [M — H]~ 1011.2415, found: 1011.2435. Elemental
analysis caled (%) for Ce1H4aN200S,: C 72.32, H 4.38, N 2.77;
found: C 72.51, H 4.51, N 2.71.

Conclusions

In conclusion, the use of microwave heating and an appropriate
choice of solvent/base pair provide an efficient means of
preparing a diverse family of symmetrical diimides based on
three structurally distinct aromatic cores and five different
amino acids. The developed methodology shows that the
syntheses are equally efficient under pressure (small scale) or in
open vessels (large scale). The reactions proceed without race-
mization at a-centre and led to enantiomerically clean products.
Short reaction times and facile workup make the developed
protocol extremely useful, the present work having provided
a library of functionalised diimides with a variety of possible
applications.
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1.1H and 13C NMR Spectra
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Figure S1. *H NMR (300 MHz DMSO d-6) spectrum of PMI-Phe.
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Figure S2. 3C NMR (75 MHz DMSO d-6) spectrum of PMI-Phe.
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Figure S3. 'H NMR (300 MHz DMSO d-6) spectrum of PMI-Tyr.
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Figure S4. 3C NMR (75 MHz DMSO d-6) spectrum of PMI-Tyr.
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Figure S20. 3C NMR (75 MHz DMSO d-6) spectrum of BPDI-Cys.
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Figure $22. 3C NMR (75 MHz DMSO d-6) spectrum of BTDI-Phe.
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Expanding structural diversity
in a library of disulfide macrocycles
through in-situ imide hydrolysis

Marcin Konopka’? & Artur R. Stefankiewicz®%2"

We describe here an unorthodox approach to dynamic covalent chemistry in which the initially-
unexpected in-situ hydrolysis of a bis-imide is employed to control the composition of a library of
structurally diverse macrocycles. A single building block is used to generate a library of numerous
disulfide-based architectures in a one-pot single-step process. The dual-stimuli method is based

on simultaneous changes in pH and DMSO concentration to expand the structural diversity of the
macrocyclic products. Mechanistic details of this complex process are investigated by the kinetics
analysis. We delivered a facile strategy for the synthesis of water-soluble, multicomponent and
dynamic macrocycles equipped with number of different functional groups, thus giving a prospect of
their application in guest-driven phase transfer.

Dynamic combinatorial chemistry (DCC) is of continuing interest among various fields of modern chemistry' .
Many reversible linkages are employed in DCC, such as imines, acyl hydrazones, disulfides, boronic esters, or
coordination bonds*°. Dynamic disulfides are of particular interest due to their useful applications as chemical
receptors”®, nanocapsules for molecular transport”!, or in metallosupramolecular architectures'. Recently,
there has been a growing interest in the search for new methods and conditions for the oxidation of thiols to
disulfides in DCC using metalloid catalysis'>'*, solvent effects'®, iodine'® or mechanochemical stimuli'’~"*. To
date, numerous water-soluble disulfide systems of distinct topologies such as macrocycles, cages, catenanes or
knots have been described, most of which are based on organic cysteine-functionalized components**~*°. Mac-
rocyclic structures, especially those based on modified naphthalenediimides (NDIs) have been heavily explored
in the last decade as they present interesting properties and functions such as molecular sensors, host—guest
complexes, molecular devices, catalysis through m-anion interactions and non-covalent binding with DNA for
bio-applications®**. Several different strategies of controlled, stimuli-based, modification of the dynamic library
composition through physical and chemical factors have been described for these systems®. However, it remains
a challenge to externally control DCL compositions and product constitutions.

Here we present an unorthodox approach to disulfide DCC by employing in-situ imide hydrolysis which
leads in our system to expanded library diversity and larger macrocycles. We describe a robust method for the
use of a mixture of water and DMSO as an excellent environment for the oxidation and exchange of thiols and
we show the control of the library composition through appropriate pH and DMSO concentration. Previously,
we described new building blocks based on 3,3',4,4-Biphenyltetracarboxylic dianhydride (BPDA)*, similar to
the NDI-based components, but with an extra degree of geometrical flexibility. One of these was the bis-imide
equipped with two cysteine moieties A (Fig. 1). During the standard DCL procedure (water, pH 8.0) with A,
instead of the expected macrocyclic oligomer library we noticed products resulting from the hydrolysis of A.
Literature evidence on this process encouraged us to investigate the potential of this phenomenon in concert
with disulfide DCC***. In basic aqueous solution, imide hydrolysis may take place, and results in opening of the
five-membered ring, thereby providing additional features in conformational flexibility, polarity (new carboxylic
groups) and intramolecular non-covalent interactions (NH hydrogen bond donor) during disulfide formation.

Results and disussion

The work began with the synthesis of dithiol component A starting from the BPDA and S-Trityl-L-cysteine.
We employed our earlier reported microwave method* to obtain an intermediate STr-protected diimide prod-
uct. In the second step the trityl groups were removed by the standard Et;SiH/TFA/DCM reaction. Natural
L-cysteine provides several important functions for further self-assembly, such as the carboxyl groups ensuring

'Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznanskiego 8, 61-614 Poznan,
Poland. 2Center for Advanced Technology, Adam Mickiewicz University, Uniwersytetu Poznanskiego 10,
61-614 Poznari, Poland. “'email: ars@amu.edu.pl
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Figure 1. Schematic representation of the DCLs formed from component A under three different conditions,
in DMSO, in water at pH 8.5, and in 5% DMSO/aqueous AcCONH, buffer. The inset contains a diagram of the
irreversible imide hydrolysis. The -COOH group resulting from the imide hydrolysis is marked as a red ellipse.

high polarity and water solubility, a stable amino-acid chiral centre, and -SH groups for oxidation located on a
conformationally labile arm.

Additionally, the component A contains a single bond between two phenyl rings, which provides additional
rotational flexibility to the entire system, a significant difference compared with rigid NDIs.

In the first experiment a simple aqueous solution of A at pH 8.5 in unsealed vial was set up (see ESI S2 for
details). After several minutes we observed complete decay of A and the formation of a single new product.
This was isolated and based on NMR and MS analysis was shown to be the unsymmetrical product of double
hydrolysis of A where the newly formed two amide groups are placed para and meta to the inter-biphenyl bond
A-2Hyd (Fig. 2). Analysis of the 'H and COSY (see Fig. S8 in ESI) spectra in DMSO clearly shows the forma-
tion of a pair of amide N-H signals (88.83 and 88.75 ppm) coupled to a pair of methine C-H cysteine signals.

By chemical intuition, one would expect a symmetrical product with a double meta or para configuration.
Presumably, due to electronic and entropic factors, the system favors two-step hydrolysis path, which leads
to an unsymmetrical product (for more details see Fig.S34). To the best of our knowledge, such directional
hydrolysis has not been recorded previously for BPDA derivatives. After hydrolysis, the A-2Hyd should display
extra structural flexibility. To check how this new feature of A-2Hyd influences the formation of disulfides, we
set a new solution of A at pH 8.5 for oxidation with air exposure (Fig. 3a). The post-reaction mixture contained
mostly one product (90%), which was identified by "H NMR spectroscopy (Fig. 4c) and ESI-MS as the mono-
protonated cation [M + H]* remarkable cyclic m-, p-dimer with two disulfide bonds (A,-4Hyd) formed from
two molecules of A-2Hyd. The second component AS (10%) is the monomeric A-2Hyd derivative cyclised by a
single intramolecular disulfide bond.

To accelerate the oxidation, we used the known DMSO effect'®. We started with A dissolved in pure DMSO
(Fig. 4a) with expectation of rapid and full conversion®*?”. After 3 days we observed via LC-MS the selective
formation of only one product, which was identified as dimeric macrocycle A, with two disulfide bonds (Fig. 3b).
This compound was isolated and analyzed by NMR (Fig. 4b). The 'H spectrum of the dimer A, shows the upfield
shifts of aromatic signals characteristic of tight aromatic macrocycles, and downfield shifts of aliphatic C-H and
CH, signals. The absence of any amide signals indicates that no hydrolysis took place. A comparison of both A,
and A,-Hyd dimers shows that A has a structural tendency to form dimeric systems.

Here we also checked whether hydrolysis is possible after thiol oxidation. The isolated A, was dissolved in
water (5 mM, pH 8.5, r.t.) and monitored by HPLC. After 6 h the complete hydrolysis of A, to A,-4Hyd occurred
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Figure 2. (a) Scheme of the unsymmetric hydrolysis of A into A-2Hyd, (b) '"H NMR spectrum (300 MHz,
298 K, DMSO-d,) of A-2Hyd.

(Fig. 1, top). Placing the sample of A,-4Hyd in pure DMSO (5 mM, r.t.) did not lead to A, diimide again, con-
firming the irreversible nature of the hydrolysis process under such conditions.

Based on the results so far, we decided to use a combination of pH control and DMSO in an attempt to expand
to DCLs with larger macrocycles (Fig. 3c—f). To find the right conditions, we screened both concentration of
DMSO and the pH in the range from 4.0 to 8.5 in 0.1 M AcONH, buffer adjusted to the desired pH with AcOH
and ammonia (see Figs. $28-30).

It became clear that pH had the greatest influence on the DCL product distribution. In this system, the
most interesting results occur for pH 6.5 and 7.25, which fits with the usual optimal thiol oxidation conditions
(Fig. 3e~f)*. pH 8.5 is usually applied to fully deprotonate the COOH groups and thus achieve water solubility
although such a high pH is not optimal for the thiol oxidation. At lower pH values, the concentration of thiolate
ion in the reaction mixture is lower, while its nucleophilicity (reactivity) is higher. Ultimately, we used a 5%
DMSO solution in ammonium acetate buffer at pH 6.5, which provides much better conditions for the oxida-
tion of thiols. We did not observe any significant changes in the library compesition (pH 6.5) over the range
5-50% DMSO. However, the presence of DMSO can act as a switch that changes the resulting DCL composition
substantially.

Our combined method with the appropriate pH and the DMSO as oxidation accelerator resulted in a multi-
component library containing trimeric and tetrameric macrocycles. Based on LC-MS analysis (Fig. 3g), we
found that in most cases (pH 5.0-7.25) a dynamic combinatorial library of six products was formed, which
were identified as dimers, trimers and tetramers (as monoprotonated species [M + H]*). These are three pairs
of dimeric (A, and A,-Hyd), trimeric (A; and A;-Hyd) and tetrameric (A, and A,-Hyd) macrocycles, in which
the first member is completely unhydrolyzed, while the second has one hydrolyzed imide group (based on MS).
In the case of mono-hydrolyzed products, it should be noted that the ring-opening during the hydrolysis can
take place either in meta or para position. However, these isomers are indistinguishable by LC-MS, so we were
unable to determine exactly which isomers are observed in the generated DCLs.

‘We showed that the library composition can be controlled by pH. At slightly acidic pH (4.0), an unhydro-
lyzed dimer A, dominates; a pH close to neutral (6.5-7.25) promotes the formation of the tetramer A,; while
basic pH 8.5 causes the formation of a hydrolyzed dimer A,-Hyd. Due to similarity in the polarity of the library
components, we were unable to isolate preparative amounts of separate products despite numerous attempts.
Therefore we decided to analyze the intact DCL. The library was isolated by evaporation to dryness and analyzed
by NMR (Fig. 4d). The 'H spectrum of the library contains significantly more signals (in comparison to A and
A,), indicating a loss of symmetry of the trimeric and tetrameric products. In the COSY spectrum, tiny N-H
signals coupled with the C-H signals (similar to A,-Hyd) are observed. This is additional proof for the presence
of amides in the structures of some mono-hydrolyzed macrocycles in DCL.

‘We were excited to get a deeper understanding of the system kinetics and mechanistic features. We employed
HPLC to monitor the DCL equilibration over time (1 ml volume, pH 6.5, 5% DMSO, 5 mM of A). The DCL was
analyzed every 30 min for 24 h at room temperature. The first injection (#,) has been done immediately after A
was dissolved in the reaction buffer. The distribution curves of individual species during the equilibration were
plotted, based on the integrations of the relative peak areas (RPA) from the collected chromatograms (Fig. 5).

It revealed that the system reaches equilibrium just after approx. 10 h and does not change any further up
to 24 h. Several preliminary conclusions concerning the kinetics and mechanism of this complex process can
be drawn. Firstly, substrate A (brown plot) irreversibly hydrolyzes to A-Hyd (reaction L, grey) and reach 10%
abundance after approx. 2 h. Simultaneously, A dimerizes into a linear AA intermediate (II, black) with a single
S-S bond and reaches maximum abundance of about 20% after approx. 1.5 h. Then AA undergoes intramolecular
cyclization to macrocyclic A, (IV, green). It seems that the synthesis of the larger macrocycles A, (gold) and A,
(yellow) depends on the presence of AA and A, (VI-IX) because they appear in the mixture only after 2 h. No
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Figure 3. (a-f) HPLC chromatograms (254 nm) of 3 days old A DCLs in various conditions of DMSO
concentration and pH. The library material distribution is represented as percentages next to the corresponding
peaks (relative peak area). The peak colour indicates each macrocycle. See Figs. S$17-524 for LC-MS details. (g)
HR-MS analysis of macrocycles as ions [M+H]" (or [M+NH,]" for A,, A;-Hyd, see Figs. S18-27).

traces of the expected AAA and AAAA linear intermediates were found in the obtained HPLC-MS data. How-
ever, intermediates AAA and AAAA seem to be an obvious step in chain elongation and ring closure processes.
Therefore, it should be assumed that these individuals are formed in a mixture from the smaller molecules (A
and AA) and are immediately consumed in the cyclization reaction to the macrocyclic products (A; and A,).
Similar results were observed for mono-hydrolyzed macrocycles, which seem to be strongly dependent from the
A-Hyd concentration. The A-Hyd reacts with available A and forms AA-Hyd intermediate (III), which is rapidly
intermolecularly cyclized into the major mono-hydrolyzed A,-Hyd macrocycle (V, red). The synthesis of the
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Figure 4. Comparison of 'H NMR spectra (300 MHz, 298 K, DMSO-d;) of (a) A, (b) A,, (¢) A,-4Hyd
(contaminated with AS) and (d) DCL mixture from Fig. 3f. Ties show coupled N-H signals with C-H signals
(based on COSY, see Figs. $32-33).
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Figure 5. Kinetic plots of A DCL equilibration at pH 6.5 (substrate and products), and scheme of crucial
reactions in the equilibrating mixture.
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Figure 6. (a) synthesis scheme of the dimeric macrocycle B, and comparison of 'H NMR spectra (300 MHz,
298 K, DMSO-d,) of (b) B and (c) B,.

A,-Hyd (blue) and A -Hyd (violet) may go through various pathways (X-XIII). It could also be observed that
the DMSO accelerated oxidation and imides hydrolysis run in parallel with a slight vantage of first one during
the first two hours. It confirms our main hypothesis that both reactions occur orthogonally during the entire
process of DCL equilibration. The final ratio of the hydrolyzed to non-hydrolyzed products is approx. 3:6 (see
Fig. 3f). The observed unusual imide hydrolysis in slightly acidic conditions may be powered by the presence
of thiols. There are examples in the literature of the thiol-catalyzed hydrolysis of acyl groups***. We observed
that the sample of unhydrolyzed A, placed in pH 6.5 buffer has not changed over time (3 days). The addition of
NaOH to pH 8.5 resulted in a rapid hydrolysis into the A,-4Hyd (as shown in Fig. 1). These results indicate that
the hydrolysis in DCLs at pH 4-6.5 is dependent on the presence of unoxidized thiols. The latter significantly
slow down the hydrolysis process or stop it completely when the oxidation is complete.

Thus, we have shown that the use of a cysteine-modified phthalimide analogue gives unusual properties and
allows the formation of multi-component DCLs. In order to demonstrate that the dynamics of the described
system are strongly dependent on the hydrolysis of imides, and are not a property of the biphenyl structure, we
performed a control experiment. We synthesized component B based on modified biphenyl-4,4'-dicarboxylic
acid with two cysteine moieties (Fig. 6).

This compound is linear and has no imide groups but is otherwise analogous to component A. We repeated
all the experiments that were described earlier with A. Under all pH and DMSO conditions only the cyclic dimer
B, was observed as the result of oxidation. Those experiments unequivocally confirmed the correlation between
imide presence and component A activity.

Conclusions

We have successfully demonstrated that the use of hydrolysable imides in dynamic disulfide chemistry can
effectively act to enhance disulfide exchange factor for building multi-component DCLs. Additionally, we have
shown that this effect could be externally modulated by pH and DMSO concentration. Until now, DMSO has
been considered only as an oxidation accelerant, and we have shown that by changing the DMSO concentration,
the library composition could be controlled. The presented methodology can be applied in the generation of new
dynamic molecular transporters or receptors (e.g. cages or macrocycles) in which the water solubility could be
modulated through a controlled process of imides hydrolysis. Finally, we delivered new insights into the kinetics
and mechanistic properties of such type of complex disulfide system.
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Materials and methods

All chemicals and solvents were purchased from commercial sources. NMR solvents were purchased
from Deutero GmbH (Germany).

NMR spectra were acquired on Bruker Fourier 300 spectrometer equipped with 1H/13C 5 mm DUAL
EasyProbe or Bruker Ascend 600 MHz equipped with 1H/13C 5 mm probe, and referenced on solvent

residual peaks.

ESI-MS spectra were recorded on Bruker Impact HD Q-TOF spectrometer. HPLC measurements were

performed on Hewlett Packard 1050 Series HPLC system coupled to a diode array detector.

LC-MS measurement were performed on UHPLC UltiMate 3000 Thermo Scientific/Dionex conjugated
with Bruker Impact HD Q-TOF spectrometer. All LC separations were performed on the Synergi
Phenomenex 4u POLAR-RP 80A, 75 x 4.60 mm, 4um , with flow rate 0.5 ml/min in solvents gradient
10% MeCN in 90% H,O to 100% MeCN in 20 min. Solvents (water and acetonitrile) were acidified with

0.1% HCOOH. Chromatograms were acquired at 254 nm wave length.

HPLC measurements were performed on HP1050 series equipped with DAD UV-VIS detector. All HPLC
separations were performed on the Synergi Phenomenex 4u POLAR-RP 80A, 75 x 4.60 mm, 4um , with
flow rate 1 ml/min in solvents gradient 10% MeCN in 90% H,O to 100% MeCN in 10 min. Solvents
(water and acetonitrile) were acidified with 0.1% HCOOH. Chromatograms were acquired at 254 nm

wave length.

A typical analytical DCL was prepared in a 1.0 ml scale by dissolving an equimolar mixture of thiol
components (5 mM) in pH 6.5 buffer solution (5% DMSO in 0.1 M aqueous NH40Ac). The DCL was set
in sealed HPLC 2 mL vial at room temperature until being analysed after 3 days. The pH of each library
was checked before and after equilibration process to make sure it remained unchanged. The HPLC

traces remained unchanged after 3 days indicating that thermodynamic equilibrium had been reached.

To ensure that the HPLC analyzes based on the relative peak area (RPA) are quantified, a series of UV-
Vis concentration-dependent spectra was performed to compare the molar extinction coefficients

between the substrate and the products.

All experiments containing DMSO were carried out in tightly sealed (otherwise unsealed) 2 ml vials in
a 1.0 ml solution volume of 5 mM A or B solution, at r.t. The pH of each sample was checked before
and after the experiment to make sure that it did not change over time. The samples were equilibrated

for three days and the progress of the reaction was monitored by HPLC.
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Synthesis of components

Synthesis of A-STr [1]

H-Cys-STr-OH
Oy -
DMF
o e} — »  HOOCRLN N.FLCOOH
microwave oven H
o o o A j/ o] o} 3
140°C, 10 min. PhyCS “SCPh,

The 3,3',4,4'-Biphenyltetracarboxylic dianhydride (1.47 g, 5.0 mmol), H-L-Cys-STr-OH (3.64 g, 10.0
mmol) and DMAP (2.44 g, 20.0 mmol) were dissolved in 50 mL of dry DMF in 100 mL round-bottom
flask. The flask was equipped with an air condenser, placed in a microwave oven and heated at 140°C
for 10 min under open vessel conditions. The post-reaction mixture was concentrated under vacuum
and then poured into 200 mL of 1M HCI. The white precipitate was filtered off, washed with 500 mL of
deionized water and dried under a high vacuum. Yield 4.23 g (86%) of A-STr.

'H NMR (600 MHz, DMSO-ds) 6 8.33 (dd, J = 24.6, 16.7 Hz, 4H), 8.04 (d, J = 7.7 Hz, 2H), 7.28-7.20 (m,
30H), 4.56 (dd, J = 11.4, 4.5 Hz, 2H), 3.09 (t, J = 12.9 Hz, 2H), 2.91 (dd, J = 13.1, 4.3 Hz, 2H). *C NMR
(150 MHz, DMSO-ds) 6 168.86, 166.50, 143.97, 143.76, 129.02, 128.32, 128.10, 127.76, 127.50, 126.88,
126.22, 66.50, 55.77, 30.59. ESI-MS: m/z calculated for: [M+Na]* 1007.2431, found: 1007.2240.

Synthesis of A
¢} Q O o} TFA/IDCM 0 O O o}
EtySiH
HOOCjRLN NL.COOH ——— »  HOOCHN N.%.COOH
0 o = 5h, rt. )/ o a
Ph,CS “SCPh, HS “8H

The A-STr (4.0 g, 4.0 mmol) was placed in a 100 mL round-bottom flask and dissolved under argon in a
mixture of DCM 20 mL and trifluoroacetic acid (TFA) 5 mL. Then the Et;SiH (1.92 mL, 12.0 mmol) was
added via syringe and the mixture was stirred at room temperature for 5 h. After, that the liquids were
removed under vacuum and the resulting residue was suspended in 20 ml of Et;O and sonicated for a
few minutes. The white precipitate was filtered off, washed with several portions of Et,O and dried
under a high vacuum. Yield 1.90 g (93%) of A.

'H NMR (300 MHz, DMSO-ds) & 13.49 (s, 1H), 8.54 — 8.25 (m, 2H), 8.07 (d, J = 7.8 Hz, 1H), 4.92 (dd, J =
10.2, 5.3 Hz, 1H), 3.33 — 3.13 (m, 2H), 2.79 (t, J = 8.7 Hz, 1H). *C NMR (75 MHz, DMSO-ds) 5 169.21,
166.95, 144.73, 134.10, 132.19, 130.93, 124.23, 122.69, 54.82, 22.99. ESI-MS: m/z calculated for:
[M+H]* 501.0420, found: 501.0482, calculated for: [M+Na]* 523.0240, found: 523.0298.
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Figure S2: *C NMR spectrum of component A in DMSO-dsat 298 K (75 MHz).
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Figure S3: LC-MS analysis of A. Extracted ion chromatogram, +ESI-MS spectrum, simulated/found
spectra comparison.
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Synthesis of B-EAI

DMF
24 h,rt

SO0, SeaspEate
HO OH

The Biphenyl-4,4'-dicarboxylic acid (2.42 g, 10 mmol) and N-hydroxysuccinimide (3.45 g, 30 mmol)
were dissolved in dry DMF (100 mL) in a 250 mL round-bottom flask. After 15 min. of stirring the
EDC-HCI (5.77 g, 30 mmol) was added stepwise and then the stirring was continued for 24 h at r.t. Then
the solvent was removed under vacuum. To the oily residue, the 200 mL of 1M HCl was added and
stirred for 10 min. The white precipitate was filtered off, washed with an additional 500 mL of
deionized water and dried under a high vacuum. Yield 3.54 g (81%) of B-EA

14 NMR (300 MHz, DMSO-ds) & 8.24 (d, J = 8.6 Hz, 4H), 8.08 (d, J = 8.6 Hz, 4H), 2.92 (s, 8H). *C NMR
(75 MHz, DMSO-d¢) & 170.32, 161.52, 144.80, 130.82, 128.30, 124.45, 25.59. ESI-MS: m/z calculated
for: [M+Na]* 459.0799, found: 459.0805.

Synthesis of B-STrl2

0 H-Cys-STr-OH

0 0
E‘SN HOOC, 1, ) COOH
N- _)—NH HN—/
DMF PhyCS “—SCPhy
24 h,rt,

To the solution of B-EA (3.5 g, 8.0 mmol) in dry DMF (150 mL), H-L-Cys-STr-OH (8.75 g, 24.0 mmol) and
EtsN (3.35 mL, 40 mmol) were added. The mixture was stirred at room temperature for 24 h under a
argon atmosphere. Then the solvent was removed under vacuum. To the oily residue, the 200 mL of
1M HCI was added and then stirred for 10 min. The white precipitate was filtered off, washed with an
additional 500 mL of deionized water and dried under a high vacuum. Yield 6.50 g (87%) of B-STr.

H NMR (300 MHz, DMSO-ds) & 8.82 (d, J = 7.9 Hz, 2H), 8.00 (d, / = 8.4 Hz, 4H), 7.88 (d, / = 8.4 Hz, 4H),
7.40-7.21 (m, 30H), 4.33 (dq, J = 8.0, 4.7 Hz, 2H), 3.01 (q, / = 7.3 Hz, 2H), 2.84 — 2.66 (m, 2H). *C NMR
(75 MHz, DMSO-ds) 6 179.69, 176.68, 144.35, 144.34, 129.15, 129.13, 129.11, 128.15, 128.08, 126.80,
120.60, 76.95, 66.14, 33.07. ESI-MS: m/z calculated for: [M+Na]* 955.2846, found: 955.2796.

Synthesis of B
TFA/DCM o o
HOOC, O O = 00 Et,SiH HOOC, 5, = COOH
j _— _)—NH HN—
PhsCS “—SCPh, 5h,rt HS “—SH

The B-STr (1.86 g, 2.0 mmol) was placed in a 100 mL round-bottom flask and dissolved under argon in
a mixture of DCM 10 mL and trifluoroacetic acid (TFA) 2.5 mL. Then the Et3SiH (0.48 mL, 3.0 mmol) was
added via syringe and the mixture was stirred at room temperature for 5 h. After, that the liquids were
removed under vacuum and the resulting residue was suspended in 20 ml of Et,0 and sonicated for a
few minutes. The white precipitate was filtered off, washed with several portions of Et,O and dried
under a high vacuum. Yield 0.86 g (96%) of B.
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1H NMR (300 MHz, DMSO-ds) 6 8.75 (d, J = 7.8 Hz, 1H), 8.03 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.5 Hz, 2H),
4.62 - 4.48 (m, 1H), 3.06 (dd, J = 15.3, 8.3 Hz, 1H), 2.97 — 2.86 (m, 1H), 2.61 (t, J = 8.3 Hz, 1H). *C NMR
(75 MHz, DMSO-ds) & 171.86, 166.11, 141.92, 133.19, 128.23, 126.79, 55.60, 25.24. ESI-MS: m/z
calculated for: [M+H]* 449.0836, found: 449.0886, calculated for: [M+Na]* 471.0655, found: 471.0668.
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Figure S4: *H NMR spectrum of component 1 in DMSO-ds at 298 K (300 MHz).
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Figure S5: 3C NMR spectrum of component A in DMSO-dsat 298 K (75 MHz).
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Figure S6: LC-MS analysis of component B. Extracted ion chromatogram, +ESI-MS spectrum,
simulated/found spectra comparison.
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Synthesis of A-2Hyd

0
A mr oor, () -coon
HOOC.(®.N N®cooH M jNH
j/ Y 'L 20 min HS HoOC NH
[¢] o - O MCOOH

HS SH
\
SH

The 100 mg of A was dissolved in 1mL of 1M NaOH in the vial and stirred. After 20 minutes, the mixture
was acidified with 1 mL of concentrated aqueous HCl. The precipitated white solid was filtered off,
washed with water and Et,0, and then dried under high vacuum. Yield 98 g (99%) of A-2Hyd.

1H NMR (300 MHz, DMSO-ds) 5 12.83 (s, 2H), 8.84 (dd, J = 7.9, 3.1 Hz, 1H), 8.74 (d, J = 7.9 Hz, 1H), 8.08
(dd, J = 8.3, 1.7 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H), 7.90 (s, 2H), 7.76 (d, J = 4.9 Hz, 1H), 7.61 (dd, / = 7.9,
4.5 Hz, 1H), 4.60 (qd, J = 7.6, 7.0, 3.0 Hz, 2H), 2.92 (tdd, J = 15.7, 13.8, 8.1 Hz, 4H), 2.61 — 2.51 (t, 2H).
13C NMR (75 MHz, DMSO-ds) 6 172.15, 171.84, 168.53, 168.12, 141.43, 141.38, 132.36, 132.28, 130.54,
129.99, 129.86, 129.47, 129.35, 128.37, 126.85, 126.71, 55.59, 39.89, 25.83. ESI-MS: m/z calculated
for: [M+H]* 537.0632, found: 537.0624.
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Figure S7: *H NMR spectrum of A-2Hyd in DMSO-ds at 298 K (300 MHz).
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Figure $8: COSY NMR spectrum of A-2Hyd in DMSO-ds at 298 K (300 MHz).
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Figure S9: *C NMR spectrum of component A-2Hyd in DMSO-dsat 298 K (75 MHz).
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Figure 510: LC-MS analysis of A-2Hyd. Extracted ion chromatogram, +ESI-MS spectrum,
simulated/found spectra comparison.
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Synthesis of A;

A
HOOC:I/N N._COOH

o} o =
HS SsH

4 =
DMSO s s

rt, 3 days S\_ S

HOOC™ N N/[COOH
S a Wt

The 50 mg of A (0.1 mmol) was dissolved in 1mL of DMSO and stirred at r.t. for 3 days. After that 20
mL of cold Et,O was added with vigorous stirring to precipitate the product. The white precipitate was
centrifuged several times, each time washed with 10 mL of Et;0. Then it was dried under a high

vacuum. Yield 35 g (70%) of A,.

*H NMR (300 MHz, DMSO-ds) & 8.28 (s, 9H), 8.06 — 7.94 (m, 5H), 5.10 (q, J = 8.7, 5.4 Hz, 4H), 3.54 (d, /
=14.0 Hz, 4H), 3.38 (t, J = 12.1 Hz, 4H). **C NMR (75 MHz, DMSO-ds) § 172.13, 169.31, 166.78, 144.76,
134.29, 132.00, 130.75, 124.35, 122.87, 51.26, 21.21. ESI-MS: m/z calculated for: [M+H]* 997.0456,

found: 997.0485.
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Figure S11: 'H NMR spectrum of A; in DMSO-ds at 298 K (300 MHz).
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Figure S12: COSY NMR spectrum of A; in DMSO-ds at 298 K (300 MHz).
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Figure $13: 3C NMR spectrum of component A; in DMSO-dsat 298 K (75 MHz).
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Synthesis of B,

0 o
HoOoG COOH
0 . . 0 5% DMSO DR N

HOOC COOH 0.1M AcONH, s "—,73
NH HN—{ _— ‘ [
HS “~—S8H pH6.5

r.t, overnight 2 NH HN<(
—
HooC oo COOH
The 50 mg of B was dissolved in 2mL of a mixture of 0.1M AcONH,4 buffer and 5% DMSO at pH 6.5 and

stirred at rt. overnight. The mixture was then acidified with 1 mL of 1M HCI. The precipitated white

solid was filtered off, washed with water and Et;0, and then dried under a high vacuum. Yield 46 g
(92%) of B.

H NMR (300 MHz, DMSO-ds) & 12.89 (s, 4H), 8.85 (d, J = 7.4 Hz, 4H), 7.66 (d, J = 7.9 Hz, 8H), 7.38 (d, /
= 8.1 Hz, 8H), 4.75 (q, J = 7.4 Hz, 4H), 3.29 — 3.18 (m, 4H), 2.92 (dd, J = 13.5, 8.1 Hz, 4H). 3C NMR (75
MHz, DMSO-ds) 6 172.20, 166.12, 141.96, 133.10, 128.23, 126.86, 51.97, 15.33. ESI-MS: m/z calculated
for: [M+H]" 893.1285, found: 893.1251.
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Figure $14: 'H NMR spectrum of B, in DMSO-ds at 298 K (300 MHz).
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Figure $15: COSY NMR spectrum of B; in DMSO-ds at 298 K (300 MHz).
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Figure S16: **C NMR spectrum of B, in DMSO-dsat 298 K (75 MHz).
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Figure S17: LC-MS analysis of B,. Extracted ion chromatogram, +ESI-MS spectrum, simulated/found
spectra comparison.
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LC-MS Analysis
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Figure S18: LC-MS analysis of A,. Extracted ion chromatogram, +ESI-MS spectrum, simulated/found
spectra comparison.
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Figure $19: LC-MS analysis of A;-Hyd. Extracted ion chromatogram, +ESI-MS spectrum,
simulated/found spectra comparison.
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Figure S20: LC-MS analysis of A,-d4Hyd. Extracted ion chromatogram, +ESI-MS spectrum,
simulated/found spectra comparison.
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Figure $21: LC-MS analysis of As. Extracted ion chromatogram, +ESI-MS spectrum, simulated/found

spectra comparison.

S20

206




As-Hyd

Intens._ J
[mAU13
x1053
3
21
13
0 ] UM S B B N S N S B S B R B B LI B B S n/‘ | L
0 5 10 15 20 Time [min]
[—PKA_T62-01_BC1_01_1701.d: EIC 1530.1065:0.01 *AT NS ]
htens. 1530.1058 +MS, 5.8-6.0min #333 346
[%]7  Chemical Formula: CggHayNgO05Ss
7 Exact Mass: 1512,07
80 |
1 1+
60 + 1015.0598
40
204
0-
500 750 1000 1250 1500 1750 2000 2250 mz
htens .+ +MS, 5.8-6.0min #333-346] Intens. 4 +MS, 5.8-6.0min #333-346
[%] | [%] 3
found for: [M+H]* 125 3 found for: [M+NH,]*
60 1+ E 1+
[1513,0793 4, 100 3 1530.1058,
1514.0838 3 1531.1084
40 1+ 753 14+
1515.0823 E 1532.1070
1 1+ 50 ] 1+
204 1516.0838 | E 1533.1059
] 1517.0833 25 l
0;_\ OP: A A a A .ll h i
[ 015 CeeHasNgO235Se, M+nH, 1513.0753 [ °IE CeeH43Ng025Ss, M+nNH4, 1530.1019
] . +H1* 3 . + +
125 calcd. for: [M+H] 125 calcd. for: [M+NH,]
3 1+ ] 1+
100 _51513.0753 = 100 3 1s30.1019 |
] 1514.0783 1, ] 1531.1048 ,
75 1515.0768 753 15321034
50_: 1+ 5oé 1+
E 1516.0776 E 15331041,
25 7 1517.0768 25 1534.1033
0: u T 0 : 1 T T A
1514 1516 m'z 1530 1532 1534  miz

Figure S22: LC-MS analysis of As-Hyd. Extracted ion chromatogram, +ESI-MS spectrum,
simulated/found spectra comparison.
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Figure 523: LC-MS analysis of A4. Extracted ion chromatogram, +ESI-MS spectrum, simulated/found
spectra comparison.
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Figure S24: LC-MS analysis of As-Hyd. Extracted ion chromatogram, +ESI-MS spectrum,
simulated/found spectra comparison.
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Figure $25: LC-MS analysis of AS. Extracted ion chromatogram, +ESI-MS spectrum, simulated/found
spectra comparison.
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Figure S26: LC-MS analysis of AA. Extracted ion chromatogram, +ESI-MS spectrum, simulated/found

spectra comparison.
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Figure S27: LC-MS analysis of AA-Hyd. Extracted ion chromatogram, +ESI-MS spectrum,
simulated/found spectra comparison.
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HPLC Data
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Figure $28: HPLC traces (254 nm) of DMSO/Water optimization DCLs.
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Figure $29: HPLC traces (254 nm) of DMSO/0.1M AcONH, optimization DCLs.
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pH in 5%DMS0/0.1M AcONH, optimization
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Figure $30: HPLC traces (254 nm) of pH in 5% DMS0/0.1M AcONH,4 optimization DCLs.
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Figure $31: Scheme of the N-phthalimide derivative hydrolysis mechanism in basic conditions.
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Figure $32: COSY NMR spectrum of Az-4Hyd in DMSO-ds at 298 K (300 MHz).
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Figure $33: COSY NMR spectrum of A DCL (pH 7.25, 5% DMSO, Fig. 3f) in DMSO-ds at 298 K (300 MHz).
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Figure $34: Comparison of 'H NMR and COSY spectra of A to A-2Hyd hydrolysis in time (D,0 at 298 K,

300 MHz).
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Four imide carbonyls of A can act as electron withdrawing groups resulting in the accumulation of
single positive charge on the phenyl ring. A more stable resonance structure (due to formation of
tertiary carbocation) is generated when electron withdraw takes place on the O-carbonyl atom in the
para position with respect to the single bond between aromatic rings (see ESI, Fig. $34, left path). This
makes the second carbonyl group (in the meta position, marked blue) more electrophilic, thus directing
the hydrolysis process in this position. This has been confirmed by the 'H NMR observation of this
hydrolysis over time, which showed that the para amide was formed first (see Fig. 534).14
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Figure $S35: Comparison of UV-Vis spectra of A (blue) and DCL (brown, pH 6.5, conc. 1x10° M - 4x10°
M, cuvette 1x1 cm). Inset contains the comparison of absorbance values at 254 nm at the same
concentrations.
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