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STRESZCZENIE

Chemicy specjalizujacy sie w chemii supramolekularnej od lat starajg sie tworzy¢ zwigzki
wystepujgce w postaci kapsut molekularnych i kawitandéw. Kapsuty takie mogg by¢ zdolne do
kompleksowania okreslonych matych czgsteczek, co prowadzi do oddzielania ich od srodowiska
zewnetrznego. Cecha ta pozwala na zastosowanie tych zwigzkéw jako sensoréw, do przechowywania
reaktywnych czgsteczek, a nawet w charakterze nanoreaktorow.

Niniejsza rozprawa doktorska dotyczy badan nad synteza nowych chiralnych kawitanddéw
i kapsut molekularnych. Jako podstawowy blok budulcowy stosowatem rezorcyn[4]aren, bardzo
popularny w konstrukcji kapsut i kawitandéw ze wzgledu na sztywng strukture i tatwos$¢ modyfikacji.
Opierajac sie na osiggnieciach zespotu IX IChO przeprowadzitem synteze nowych chiralnych kapsut
molekularnych drogg reakcji Mannicha. Otrzymatem zaréwno kapsuty homochiralne, jak i hybrydowe
kapsuty heterochiralne (z czego te ostatnie w procesach czesciowo odwracalnych). Dokonatem
szczegbtowej analizy przebiegu reakcji i wyjasnitem przyczyny powstawania konkretnych produktdéw.
Trudnosci jakie napotkatem w trakcie wyznaczania struktur kapsut w fazie statej spowodowaty, ze
podjatem préby wykorzystania metod krystalografii biatek, a w szczegdlnosci algorytmdéw Molecular
Replacement (MR). Zastosowanie programu PHASER pozwolito mi na rozwigzanie struktury jednej
z kapsut, ktdra nie mogta by¢ rozwigzana tradycyjnymi metodami. Nastepnie sprawdzitem mozliwosci
tego programu pod kgtem rozmiaréw modelu potrzebnego do rozwigzania struktury.

Majgc na celu wykorzystanie reakcji odwracalnych w tworzeniu kapsut przeprowadzitem
synteze nieznanego dotad bloku budulcowego — tetraformylorezorcyn[4]arenu. Nastepnie
w reakcjach pomiedzy nim a aminami pierwszorzedowymi otrzymatem serie inherentnie chiralnych
kawitandow zdolnych do efektywnego samosortowania. Stwierdzitem indukcje asymetryczng
chiralnosci inherentnej w przypadku stosowania chiralnych amin. Tetraformylorezorcyn[4]aren
postuzyt jako podstawa nowych chiralnych kapsut molekularnych otrzymanych w naszym zespole, dla
trzech sposrdd ktérych wyznaczytem struktury w fazie statej za pomoca metodologii MR.

W reakcji pomiedzy tetraformylorezorcyn[4]larenem a hydrazydami aminokwaséw
i dwupeptydéw otrzymatem cztery nowe kapsuty molekularne. Stwierdzitem, ze powstajg one
w procesach dynamicznych i udowodnitem, ze s3 zdolne do chiralnego samosortowania.
Przeprowadzitem kompleksowanie fulerendow w kapsutach metodami chemicznymi oraz
mechanochemicznymi. Wyznaczytem struktury dwdch kapsut, oraz komplekséw fulerendw Cgq i Cyq
metodami krystalograficznymi z wykorzystaniem pomiardw synchrotronowych oraz technik
Molecular Replacement.
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ABSTRACT

For many years supramolecular chemists have been trying to obtain chemical compounds in
the forms of molecular capsules and cavitands. Such capsules may be capable to complex small
molecules, which leads to their separation from the outside environment. This allows for their
application as sensors, for storage of reactive molecules and even as nanoreactors.

The present dissertation concerns research on the synthesis of novel chiral molecular capsules
and cavitands. Throughout the presented work | have used resorcin[4]arene as a fundamental
building block, due to its rigid structure and ease of modification. Based on the accomplishments of
the research group IX at the Institute of Organic Chemistry PAS, | have conducted the synthesis of
novel molecular capsules through the Mannich reaction. | have obtained both homochiral and hybrid
heterochiral capsules (the latter in partially reversible processes). | have carefully analyzed the course
of the reaction and explained the reasons for the formation of particular products. The obstacles
encountered during the determination of solid-state structures have caused me to turn to the
methods of protein crystallography, especially the Molecular Replacement (MR) algorithms.
Employment of the PHASER computer program has allowed to solve the structure of one of the
capsules, which was impossible to solve using traditional methods. | have then explored the
capabilities of the program regarding the size of the model required for obtaining a successful
solution.

In order to use reversible reactions in the synthesis of capsules | have performed the synthesis
of a previously not known building block — tetrafotmylresorcin[4]arene. Subsequently in the
reactions between this new compound and primary amines | have obtained a set of inherently chiral
cavitands capable of effective self-sorting. | have observed asymmetric induction in case of chiral
amines. Tetraformylresorcin[4]aren has served as a scaffold for novel chiral molecular capsules
synthesized in our research group. | have determined solid-state structures for three of them with
help of the MR methods.

In reactions between tetraformylresorcin[4]arene and amino acid hydrazides | have obtained
four new molecular capsules. | have found that they are formed in dynamic processes and | have
proven that they are capable of chiral self-sorting. | have performed complexation of fullerenes
inside the capsules through chemical and mechanochemical methods. | have determined the
structures of two of the capsules as well as Cg, and C;o complexes in the solid state using synchrotron
radiation sources and Molecular Replacement methods.
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WPROWADZENIE

W organizmach zywych zachodzi réwnoczesnie wiele proceséw biochemicznych. Niektdre
z nich biegng nawet w przeciwnych kierunkach. Kazda komdrka stanowi oddzielng strefe, w ktérej
istniejg dobrze zdefiniowane i funkcjonalne elementy, oraz zachodzg procesy przemiany materii i jej
transportu, a takze istniejg gradienty stezen. Trudno to sobie wyobrazi¢ bez fizycznego
odseparowania tych zjawisk w przestrzeni. Wiele substratéw, produktéw przejsciowych czy
katalizatoréw po prostu nie moze wspdtistnie¢ obok siebie (jak na przyktad kwasy i zasady). Centra
aktywne enzymow petnig miedzy innymi funkcje oddzielenia substratéw od srodowiska, co umozliwia
przebieg reakcji niezaleznie od warunkdéw panujacych na zewnatrz i niezaleznie od innych proceséw.
Btony komérkowe spetniajg podobng role, tzn. ograniczajg pewien obszar, w ktérym majg miejsce
konkretne procesy zyciowe. Mozna wrecz stwierdzi¢, ze bez zjawiska separacji przestrzennej zycie
w ogéle nie bytoby mozliwe.

Specjalisci w dziedzinie chemii supramolekularnej od wielu lat prébujg, wzorujac sie na
organizmach zywych, konstruowaé réznego rodzaju kapsuty molekularne i kawitandy, ktérych
zadaniem jest oddzielenie fragmentu przestrzeni i zamkniecie w niej okreslonych czgsteczek. Znane
s przyktady stosowania kapsut molekularnych w charakterze sensoréw," w celu przechowywania

34387 Otrzymywanie tego rodzaju uktaddw jest

reaktywnych czasteczek? oraz jako nanoreaktory.
jednak czesto trudne ze wzgledu na duzg ilos¢ koniecznych do wytworzenia wigzan chemicznych.
Z tego powodu wydajnosci ich powstawania drogg klasycznej syntezy organicznej sg zwykle niskie.
Z pomocg moze tutaj przyjs¢ zastosowanie proceséw réwnowagowych. Jezeli substraty zostang
zaprojektowane tak, ze reagujg ze sobg w sposéb odwracalny, to pozostajg one w réwnowadze
dynamicznej z powstajgcymi na poczatkowym etapie produktami ubocznymi i mogg byc
przeksztatcone w pozadany produkt, o ile tylko jest on termodynamicznie stabilny. Dzieki temu
mozliwe jest uzyskanie skomplikowanych supramolekularnych asocjatéw z wysokimi wydajnosciami,
niezaleznie od ilosci koniecznych do utworzenia wigzan. Co wiecej, pozwala to na sterowanie
przebiegiem reakcji, np. poprzez odpowiedni dobdr chiralnosci substratow lub templatowanie
powstawania konkretnego produktu. Analogia do proceséw biochemicznych jest w tym przypadku
bardzo dobrze widoczna. O tym jak zréinicowane witasciwosci mogg mieé uktady zdolne do
samoasocjacji, sortowania chiralnego i rozpoznania molekularnego $wiadczy olbrzymia réznorodnosc

form zycia i zawartych w nich funkcjonalnych zwigzkéw chemicznych.
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Znane sg rozmaite rodzaje konteneréw molekularnych wytworzonych drogg proceséw

89101112 ragkcje metatezy olefin,*

17,18
h.

rownowagowych, obejmujacych: kondensacje amin z aldehydami,

14,15,16
h

synteze estréw boronowyc i tworzenie wigzan koordynacyjnyc Kapsuty molekularne

mozna réwniez otrzymaé z wykorzystaniem stabych oddziatywan miedzyczasteczkowych, takich jak

192021 7y oddziatywania hydrofobowe.”” Znakomita wiekszo$¢ tych konteneréw

wigzania wodorowe
molekularnych posiada jednak dwie zasadnicze wady. Ze wzgledu na koniecznos¢ usztywnienia
struktury (dla zachowania jej ,,sferycznego” ksztattu) sg one zbudowane w duzej mierze z pierscieni
aromatycznych. Z tego powodu sg one zwykle achiralne, a ich wnetrza majg charakter hydrofobowy.
Cechy te sg niepozadane z punktu widzenia zastosowan w kompleksowaniu i katalizie. Wiekszos¢
zwigzkéw chemicznych o znaczeniu biologicznym posiada polarng budowe, a takie wiele reakgji
chemicznych zachodzi poprzez polarne stany przejsciowe. Z tych powoddéw zaréwno rozpoznanie
molekularne jak i kataliza we wnetrzu hydrofobowego kontenera nie sg uprzywilejowane. Co wiecej,
brak chiralnosci kontenera molekularnego eliminuje mozliwo$¢ jego wykorzystania w procesach

asymetrycznych.

Znakomitymi chiralnymi blokami budulcowymi o polarnym charakterze, mozliwymi do
zastosowania w chemii supramolekularnej, sg aminokwasy biatkowe. Sg one bardzo fatwo dostepne
ze zrédet naturalnych, a ponadto sg to zwigzki zaprojektowane przez nature w konkretnym celu,
jakim jest tworzenie skomplikowanych struktur na bazie wigzan wodorowych. Biatka funkcjonalne
powstajg w procesach spontanicznej samoorganizacji, tzn. juz w czasie ich biosyntezy formujg
struktury drugo- i trzeciorzedowe, tworzgc sie¢ oddziatywan wewnatrzczasteczkowych stabilizujgcych
konkretne konformacje gtéwnego tancucha. Najczesciej (ale nie zawsze) sekwencja polipeptydu
determinuje jego petng strukture. Warto zauwazy¢, ze kluczowe oddziatywania charakteryzujg sie
niewielkg energia, przez co ich tworzenie jest odwracalne. W potgczeniu z okreslong chiralnoscig
aminokwasow prowadzi to do powstania jednego, trwatego termodynamicznie produktu.
Zastosowanie krétkich peptydéw w tworzeniu uktadéw syntetycznych napotyka jednak na szereg
trudnosci. W przeciwienstwie do naturalnych biatek (o duzo wiekszych czgsteczkach) ich struktura
drugorzedowa nie jest dobrze zdefiniowana.

Celem mojej pracy byto poszukiwanie nowych syntetycznych kapsut molekularnych opartych
na peptydach i blokach makrocyklicznych, jak réwniez sposobdéw ich wydajnego wytwarzania
(zaréwno na drodze kowalencyjnej jak i niekowalencyjnej). Szczegélnie waznym elementem moich
dziatan byly badania strukturalne, poniewaz poznanie budowy tych skomplikowanych zwigzkéw
pozwala na racjonalne projektowanie kolejnych generacji konteneréw molekularnych i kawitandéw.
Dlatego istotnym zadaniem podczas mojej pracy byt rowniez rozwdéj narzedzi, ktére mogg postuzyé
okreslaniu struktur supramolekularnych.

10
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HIPOTEZA BADAWCZA | SZCZEGOLOWE CELE PRACY

Dziatalnos¢ naukowa zespotu IX w IChO PAN, prowadzonego przez dr hab. Agnieszke Szumna,
skupia sie gtownie na badaniach nad syntezg i wifasciwosciami konteneréw molekularnych
i kawitandoéw. W ramach tych prac zostat w roku 2009 zaprojektowany (z udziatem Bogumita
Kuberskiego, ktéry wykonywat wéwczas swoja prace magisterska) zwigzek L-3a (Rys. 1).”

COoO
NH,*
HO OH @j\ HO OH
+ + CH,O ——»
%/h H,N~ “COOH 4
1 L-2a L-3a

Rys. 1. Synteza odwrdéconych kapsut drogg reakcji Mannicha

Mgr Kuberski przeprowadzit jego synteze w jednym etapie drogg reakcji Mannicha pomiedzy
rezorcyn[4]arenem, formaling i L-fenyloalaning w tagodnych warunkach. Produkt L-3a zostat
wydzielony z wysoka wydajnoscia (tj. ok. 70%) i charakteryzowat sie ostrymi sygnatami w widmach
'H i *C NMR. Ponadto wykazywat on duza rozpuszczalno$é¢ w chloroformie. Biorac pod uwage liczbe
polarnych grup funkcyjnych, sugerowato to strukture o wysokiej symetrii, w ktérej hydrofobowe
tancuchy boczne ostaniajg wnetrze czasteczki przed kontaktem z rozpuszczalnikiem. Rentgenowska
analiza strukturalna wykazata, ze zwigzek ten istotnie wystepuje w postaci dimerycznej kapsuty
molekularnej (L-3a), (Rys. 2).

Budowa kapsuty przypomina odwrdcona micele, tzn. wszystkie grupy posiadajgce tadunki
elektryczne s3 zlokalizowane wewnatrz, natomiast hydrofobowe taricuchy boczne sg umieszczone na
zewnatrz struktury. Jak tatwo zauwazy¢, oznacza to, ze wnetrze kapsuty cechuje obecnos¢ wielu
donoréw i akceptorow wigzan wodorowych, a co za tym idzie hydrofilowy charakter. Z tych
powodéw kapsuta (L-3a), jest Ozdolna do kompleksowania niewielkich polarnych czgsteczek, co

zostato doktadnie przeanalizowane i opisane przez dr hab. Agnieszke Szumna.***

11
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(a) (b)

Rys. 2. Struktura kapsuty (L-3a), w ciele statym.

Co ciekawe, podczas gdy zwigzek (L-3a), posiada w roztworze chloroformowym strukture
o wysokiej symetrii, nieco inaczej zachowuje sie on po rozpuszczeniu w toluenie. Widmo ‘H NMR
tego zwigzku w toluenie-dg rozni sie znaczaco od tego w CDCl;. Liczba sygnatow ulega
zwielokrotnieniu (sg one jednak nadal ostre). Jest to spowodowane zaktéceniem czterokrotnej
symetrii kapsuty poprzez kompleksowanie jednego z taricuchdw bocznych fenyloalaniny wewnatrz
struktury. Potwierdza to zaréwno obecnos¢ silnie przesunietych sygnatéw pochodzacych od jednego
z pierécieni aromatycznych w widmie 'H NMR jak réwniez widma 2D NMR. Istnienie takiej
niesymetrycznej struktury mozna wyjasni¢ brakiem kompleksowania toluenu w hydrofilowym
wnetrzu kapsuty. Brak zdolnosci kompleksowania zwigzkéw aromatycznych zostat potwierdzony
takze dla innych gosci. Co wazne, nawet w formie ,samoenkapsulowanej” kapsuta (L-3a), zachowuje
swojg zdolnos$¢ do kompleksowania polarnych czasteczek i w ich obecnosci odzyskuje symetryczna
strukture.

Doktadna analiza struktury (L-3a), prowadzi do wniosku, ze tancuchy boczne sgsiednich
aminokwasow znajdujg sie w bezposredniej bliskosci (Rys. 2) co moze generowac niekorzystne
oddziatywanie steryczne. Doprowadzito to do sformutowania hipotezy, ze gdyby kapsuta sktadata sie
z dwdch monomerdw o przeciwnych konfiguracjach, to taki dimer bytby termodynamicznie trwalszy
ze wzgledu na brak zattoczenia sterycznego. Aby to sprawdzi¢ mgr Kuberski przeprowadzit synteze
enancjomeru opisanej kapsuty, (D-3a),. Nastepnie podjgt proby wymiany monomeréw poprzez
rozpuszczenie mieszaniny obu enancjomeréw w chloroformie. Nie dato to pozytywnych rezultatéw
mimo ogrzewania roztworu do 60°C przez dwa dni. Powstanie kapsuty heterochiralnej nastgpito
dopiero po potraktowaniu mieszaniny metanolem (w ilosci 10% v/v), odparowaniu i ponownym
rozpuszczeniu w chloroformie. lloSciowe powstawanie kapsuty heterochiralnej (L-3a)(D-3a)
potwierdzity analizy NMR, w tym DOSY.

12
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Biorgc pod uwage opisane powyzej wyniki badan nad kapsutami molekularnymi,
prowadzonych w Zespole IX IChO PAN, oraz aktualny stan wiedzy na temat chiralnych pochodnych
rezorcynarenéw, postawitem sobie nastepujace szczeg6towe cele badawcze:

e Synteza nowych chiralnych kapsut molekularnych w oparciu o rezorcyn[4]aren i hydrofobowe
aminokwasy, w tym kapsut hybrydowych, tzn. zbudowanych z réznych aminokwaséw. Liczba
obecnych do tej pory w literaturze chiralnych kapsut byta niewielka, natomiast jedyng znang
chiralng kapsutg o odwrdconej polarnosci byta (L-3a)s,.

e Sprawdzenie, jaki wptyw na przebieg reakcji moze mie¢ asocjacja. Jak dowiodta dr hab.
Agnieszka Szumna, asocjacja umozliwia rozpuszczenie kapsuty (L-3a), w chloroformie,
a zatem ma decydujacy wptyw na jej wtasciwosci fizyczne, a byé moze takze na inne jej cechy.

e Proby syntezy kapsut z wykorzystaniem reakcji odwracalnych. Odwracalnosé reakcji moze
pozwoli¢ na tworzenie jednego trwatego termodynamicznie produktu, nawet jesli mozliwe
jest teoretycznie powstawanie skomplikowanych mieszanin.

o Ustalenie struktur otrzymanych kapsut i okredlenie stabilnych motywdw wigzacych,
wykorzystujgc szereg metod, ze szczegdlnym uwzglednieniem metod krystalograficznych.
Metody te zajmujg szczegdlne miejsce w chemii supramolekularnej ze wzgledu na mozliwos¢
doktadnego badania oddziatywan w obrebie kapsut, a takie pomiedzy kapsutami
a czgsteczkami gosci.

" Zbiér informacji zawarty w przegladzie:
M. Wierzbicki, H. Jedrzejewska, A. Szumna, “Chemistry, Molecular Sciences and Engineering” edited by Jan Reedijk,

Elsevier, 2013, chapter “Chiral calixarenes”.
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BADANIA WLASNE

Sterowana asocjacjq synteza hybrydowych kapsut molekularnych*

Moja prace rozpoczatem od syntezy kapsut molekularnych analogicznych do (L-3a),. Poniewaz
motyw wigzacy (L-3a), angazuje jedynie giéwne tancuchy aminokwaséw, spodziewatem sie, ze
mozliwe bedzie wytworzenie podobnych struktur z wykorzystaniem innych aminokwaséw. Ze
wzgledu na specyfike budowy , odwréconych” kapsut (analogia do odwrdconych miceli) w gre
wchodzity jedynie te aminokwasy, ktére posiadajg hydrofobowe taicuchy boczne. Wazinym
czynnikiem byta dostepno$é¢ substratéw. Dodatkowo, nie bratem pod uwage aminokwaséw
o tancuchach bocznych mogacych reagowaé¢ w warunkach reakcji Mannicha (tj. tryptofanu
i tyrozyny). Ostateczny wybor padt na: alanine (L-2b), leucyne (L-2c), waline (L-2d) oraz izoleucyne
(L-2e, Rys. 3). Przeprowadzitem szereg reakcji pomiedzy kazdym z nich a formaling oraz
rezorcyn[4]arenem.

1 X °T

H,N” >COOH  H,N” >COOH  H,N” SCOOH  H,N“ “COOH
L-2b L-2¢ L-2d L-2e

Rys. 3. Wybrane aminokwasy o hydrofobowych faiicuchach bocznych.

W przypadku alaniny L-2b otrzymatem pozgdang kapsute z zadowalajaca wydajnoscia (tj. 50%).
Jej strukture, oraz iloéciowe powstawanie dimeréw potwierdzitem metodami *H i *C NMR (w tym
DOSY) oraz MS. Sygnaty w widmach NMR s3 ostre, a ich liczba wskazuje na takg samg symetrie, jaka
cechowata kapsute (L-3a),.

Zastosowanie leucyny L-2c, aminokwasu o dtuzszym i bardziej labilnym tancuchu bocznym,
dato zupetnie inny wynik. Widmo *H NMR produktu byto bardzo skomplikowane i zawierato sygnaty
grup metylowych przesuniete w kierunku wyzszych pél. Jest to zjawisko podobne do tego

’ Wyniki opublikowane w:
M. Wierzbicki, A. Szumna, Chem. Commun., 2013, 49, 3860-3862.
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zaobserwowanego wczesniej dla (L-3a), w toluenie i polega w istocie na usytuowaniu jednego
ztancuchéw bocznych aminokwasu wewnatrz kapsuty. Stwierdzitem jednak, ze w tym przypadku
samokompleksowanie faricucha bocznego nie cofa sie w obecnosci czgsteczek potencjalnego goscia.
W przypadku zwigzku (L-3c), nie zaobserwowatem kompleksowania zadnego z gosci, ktére okazaty
sie wczesniej odpowiednie dla (L-3a),. Zatem kapsuta oparta na L-leucynie nie posiada luki
i wystepuje w formie posiadajacej taricuch boczny skompleksowany wewnatrz. Taka struktura wydaje
sie by¢ bardzo stabilna, prawdopodobnie ze wzgledu na mozliwe oddziatywania typu CH — 7.

Najbardziej zaskakujace byto jednak zachowanie produktu reakcji z waling L-2d. Na pierwszy
rzut oka reakcja wygladata tak samo jak poprzednie, a produkt (o duzej liczbie grup polarnych) byt
rozpuszczalny w chloroformie, co wskazywato wstepnie na strukture analogiczng do (L-3a),. Chociaz
obserwacje wizualne nie sg iloSciowym narzedziem badawczym, mogg one by¢ bardzo istotne. Liczne
doswiadczenia wskazujg, ze w przypadku kawitandéw posiadajacych eksponowane grupy polarne
mieszaniny reakcyjne w chloroformie sg niehomogeniczne. Zatem obserwacje wskazywaty na
powstawanie produktéw z izolowanymi grupami polarnymi. Jednak widmo 'H NMR wykonane
w CDCl; nie przypominato zupetnie widm otrzymanych dotychczas kapsut. Wszystkie sygnaty byty
znacznie poszerzone, co $wiadczy o obecnosci niespecyficznych agregatow. Zatem w tym przypadku
w ogéle nie uzyskatem kapsuty. Co wiecej, nie bytem w stanie otrzyma¢ nawet monomerycznego
produktu reakcji Mannicha, kawitandu L-3d.

RYCOO‘ RYCOO'
NH,* NH*
HO OH R HO OH CHO  HO
+ )\ + CH,O0 —» —_——
H,oN COOH
4 4 4
1 L-2a-e L-3a-e L-4a-e

Rys. 4. Reakcja Mannicha i nastepcze tworzenie benzoksazyn.

Aby pozna¢ powody tych réznic monitorowatem przebieg reakcji pomiedzy rezorcyn[4]arenem,
formaling i aminokwasami: L-2a i L-2d (reakcje w CDCls, temp. pok.) metodg ‘H NMR. W obu
przypadkach reakcja poczatkowo prowadzi do mieszaniny réznego rodzaju benzoksazyn (L-4a i L-4d,
Rys. 4). Obecnoé¢ benzoksazyn potwierdzitem poprzez korelacje typu 'H-*C HSQC. Przesuniecia
sygnatéw grup metylenowych zaréwno w widmach ‘H NMR (4,5 — 5,0 ppm, Rys. 5a) jak i *C NMR (80
— 100 ppm) s3g charakterystyczne dla tego typu zwigzkéw. Co wiecej, tworzenie benzoksazyn
w podobnych reakcjach byto wielokrotnie udowodnione.”® W przypadku L-2a pojawiajace sie szybko
sygnaty benzoksazyn, stopniowo zanikajg i mieszanina osigga po ok. 5 dniach stan réwnowagi,
w ktérym jako gtéwny produkt wystepuje (L-3a), w formie kapsuty (Rys. 5b). Natomiast dla substratu
L-2d otrzymatem widma o bardzo poszerzonych sygnatach (Rys. 5d), co $wiadczy o tym, ze produkty
reakcji nie tworzg s$cisle zdefiniowanych uktadéw (kapsut), ale agreguja w sposdb catkowicie
niespecyficzny. Widmo wykonane w CDCl;:CD;0D (1:1) ujawnia skomplikowany sktad mieszaniny,
w tym sygnaty benzoksazyn (Rys. 5e). Przeprowadzitem préby ukierunkowania tej reakcji (tzn.
ogrzewanie, kataliza kwasem octowym, dtuzszy czas reakcji, dodatek metanolu). Eksperymenty te nie
przyniosty zamierzonego efektu. Waznym wnioskiem z tych obserwacji jest to, ze sitg napedowg
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reakcji i zZrodtem jej regioselektywnosci jest proces niekowalencyjnej dimeryzacji. Jezeli proces ten
zachodzi i produkt w formie kapsuty jest trwaty, prowadzi to do przesuwania réwnowagi reakcji
tworzenia benzoksazyn L-4 w kierunku substratu, tzn. L-3. Zatem, mimo, ze benzoksazyny powstaja
szybko na wczesnym etapie reakcji, sg one przeksztatcane w pozadany produkt zgodnie z prawem
dziatania mas. W przypadku L-2d dimeryzacja najwyrazniej nie ma miejsca (a przynajmniej zachodzi
jedynie niespecyficzna agregacja), dlatego szybko powstajgce benzoksazyny nie sg przetwarzane
w L-3d.

. e
e Fv e .

L A n Ji

(d) r
(e)  r r r
JIve .
] v ] v 1 v 1 v 1 v | v 1 v 1 r 1 v 1 v 1 r 1 v 1 v 1 r 1 r 1 v 1 v 1 r
5/ppm 6,8 5,6 a4 3,2 2,0 0,8

Rys. 5. Widma 'H NMR w CDCl3: (a) reakcja 1iL-2a po 1 dniu, (b) reakcja 1 i L-2a po 5 dniach, (c) wydzielony
produkt (L-3a),, (d) reakcja 1 i L-2d, oraz (e) reakcja 1 i L-2d w CDCl;:CD5;0D (1:1). Na rysunku oznaczone zostaty
sygnaty benzoksazyn, rozpuszczalnika i substratu (odpowiednio b, ris).

Przy wyjasnieniu powoddw takiego stanu rzeczy, tzn. braku dimeryzacji produktu otrzymanego
z L-waliny, z pomocg przyszto mi wyznaczenie struktury kapsuty heterochiralnej (L-3a)(D-3a) w ciele
statym. Kapsute te wykrystalizowatem metodg dyfuzyjng, a jej strukture rozwigzatem metodami
bezposrednimi z uzyciem programu ShelXS. Poréwnanie z poprzednio opisang strukturg (L-3a),
pozwala zauwazy¢, ze utozenie taricuchéw bocznych jest w nich nieco inne. W przypadku (L-3a)(D-3a)
pierscienie aromatyczne pochodzgce od sgsiednich aminokwaséw tworzg uktad podobny do $migta,
a zatem sg idealnie roztozone wokoét kapsuty (Rys. 6a). Natomiast w strukturze (L-3a), s one
skierowane ,do siebie” w taki sposdb, ze niekorzystne oddziatywanie steryczne pomiedzy nimi jest
znacznie silniejsze (Rys. 6b). Moje badania wyjasniajg zatem obserwacje poczynione wczesniej przez
dr hab. Agnieszke Szumng dotyczgce wyzszej stabilnosci kapsut heterochiralnych niz homochiralnych.
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Rys. 6. Porownanie struktur kapsut (a) (L-3a)(D-3a) i (b) (L-3a),, widok ,,z gory”. Atomy zostaty przedstawione
w postaci sfer van der Waalsa. tancuchy izobutylowe dolnej obreczy zostaty usuniete dla lepszej czytelnosci.

Opisane badania strukturalne dotyczace (L-3a)(D-3a) i (L-3a), pozwolity mi na wyjasnienie
spostrzezen dotyczacych tworzenia kapsut opartych na walinie. W hipotetycznej kapsule (L-3d),
tancuchy boczne waliny znajdowatyby sie w bezposredniej blisko$ci. Walina jest bardziej zattoczona
sterycznie przy weglu B niz fenyloalanina (obecnos¢ dwdch grup metylowych). Zatem, podczas gdy
w przypadku (L-3a), grupy benzylowe fenyloalaniny ,mijajg sie” (Rys. 7a), to dla grup izopropylowych
waliny nie starcza juz miejsca (Rys. 7b). Z tego powodu monomery L-3d, ktére prawdopodobnie
w pewnej ilosci powstajg w mieszaninie reakcyjnej, nie tworza kapsuty. Wobec tego kluczowy dla
catego procesu etap dimeryzacji jest zahamowany, co uniemozliwia selektywng synteze nawet
monomerycznego L-3d.

(@
Ccoo +H2N COO™ *H,N
N ,* “00C NH,* -00C
L,
(b)

Rys. 7. Motywy wigzgce (a) kapsuty (L-3a), i (b) nieistniejgcej (L-3d),.

Opierajac sie na powyzszych wnioskach spodziewatem sie, ze jest mozliwe wytworzenie kapsut
heterochiralnych, np. (L-3d)(D-3d), mimo iz nie bytem w stanie otrzyma¢ ani monomeru L-3d, ani tez
homochiralnej kapsuty (L-3d),. Pierwszym pomystem byto wykorzystanie poprzednio utworzonej
kapsuty (L-3a), jako templatu. Przeprowadzitem reakcje pomiedzy rezorcyn[4]arenem, formaling
i D-waling (D-2d) w obecnosci stechiometrycznej ilosci (L-3a),. Jak sie okazato otrzymatem w ten
sposob heterochiralng kapsute hybrydows (L-3a)(D-3d) z wydajnoscig 45%. Dowiodto to ostatecznie,
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Ze to proces asocjacji steruje przebiegiem reakc;ji i jest jej sitg napedowa. Nastepnie podjatem probe
otrzymania analogicznych kapsuf, jednak bez uzycia gotowej kapsuty w charakterze templatu.
Wykonatem doswiadczenia polegajace na przeprowadzeniu reakcji Mannicha parami, w osobnych
naczyniach: w jednym z enancjomerem L aminokwasu, natomiast w drugim — z enancjomerem D.
Nastepnie tgczytem mieszaniny reakcyjne i mieszatem jeszcze przez jeden dzien dla osiggniecia stanu
rownowagi. Tg drogg otrzymatem kapsute (L-3a)(D-3d), poprzednio wytworzong metodg
templatowa, z nieco wyzszg wydajnoscig (51%). Strategia ta okazata sie ponadto efektywna
w syntezie innych kapsut: (L-3d)(D-3d) (49%) oraz (L-3e)(D-3d) (62%, Rys. 8). Nalezy zaznaczy¢, ze
kapsuty te nie s dostepne tradycyjng drogg poprzez synteze i wydzielanie monomerdw, a nastepnie
asocjacje. Proby syntezy kapsut hybrydowych (L-3d)(D-3d), (L-3e)(D-3d) i (L-3a)(D-3d) w reakcjach
typu ,,one pot” dwdch aminokwasdw, formaliny i rezorcynarenu nie powiodty sie.

(a)
1 D-2d
(L-3a)(D-3d)
(b)
D-2d
i L-2a (L-3a)(D-3d)
L-2e (L-3e)(D-3d)
L-2d (L-3d)(D-3d)

Rys. 8. Samosortowanie i synteza kapsut hybrydowych (a) z uzyciem (L-3a), jako templatu i (b) reakcje
z udziatem poszczegdlnych enancjomerdéw w osobnych naczyniach.

Opisane zjawiska dowodzg, ze synteza kapsut molekularnych moze by¢ sterowana asocjacja.
Przebieg reakcji chemicznej jest w tym przypadku nierozerwalnie zwigzany z procesem dimeryzacji.
W ten sposdéb mozliwe jest uzyskanie hybrydowych kapsut nawet jesli nie jest mozliwa synteza
pojedynczych monomerdw. Mozna stwierdzi¢, ze monomery wzajemnie warunkujg swoje istnienie,
a wtasciwosé te mozna poréwnaé do mutualizmu.
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Badania strukturalne kapsuty otrzymanej z alaniny’

Mimo, ze struktury opisanych wyzej kapsut zostaty potwierdzone ponad wszelkg watpliwos¢
metodami NMR i spektrometrii mas, staratem sie zawsze dla nowych zwigzkéw otrzymad
monokrysztaty odpowiednie do wyznaczenia struktur metoda dyfrakcji promieniowania
rentgenowskiego. Krystalografia ma wiele zalet jako technika analityczna, pozwala bowiem na
ustalenie petnej tréjwymiarowej struktury czgsteczki (lub kilku czgsteczek). Dobrej jakosci krysztaty
kapsuty (L-3b), opartej na alaninie uzyskatem z roztworu w acetonie-ds. Pomiar dyfrakcyjny zostat
wykonany przez pracownikdw zespotu XIl IChO. Wysoka jako$¢ obrazéw dyfrakcyjnych (R;.. = 0,0462;
rozdzielczoéé: 0,9A) byta obiecujaca, jednak niespodziewane problemy pojawity sie na etapie
rozwigzania struktury. Okazato sie, ze zastosowanie standardowych algorytméw ab initio, tzn. tzw.
metod bezposrednich i charge flipping (zaimplementowanych w programach ShelXS, Sir oraz
Superflip) nie dato pozgdanych rezultatow. Mimo wielokrotnych préb z uzyciem réznych parametréw
poczatkowych nie bytem w stanie rozwigzac struktury. Poniewaz rozwigzywanie struktur dos¢ duzych
czasteczek nie jest zadaniem standardowym, zwréciliSmy sie z propozycjg wspoétpracy do innych
zespotdéw krystalograficznych zajmujgcych sie krystalografig supramolekularng. Niezalezne préby
rozwigzania tej struktury zostaty przeprowadzone przez zespot prof. Kingi Suwinskiej (IChF PAN) oraz
uznanego specjalisty w tej dziedzinie, prof. Kari Rissannena (Uniwersytet Jyvaskyld, Finlandia). Wysitki
podejmowane przez te grupy réwniez nie doprowadzity do oczekiwanego sukcesu.

Struktury kapsut molekularnych, nad ktérymi pracowatem, posiadajg kilka cech, ktére
sprawiaja, ze ich rozwigzanie, tak jak w przypadku (L-3b),, moze sie okaza¢ trudne. Sg one chiralne
oraz skfadajg sie jedynie z lekkich atomoéw. Eliminuje to mozliwos¢ rozwigzania struktur
z wykorzystaniem zjawiska rozpraszania anomalnego. Co wiecej, ze wzgledu na ksztatt czgsteczek,
zawartos$¢ rozpuszczalnika jest zwykle dosé duza i jest on stabo uporzagdkowany. Krysztaty hodowane
sg najczesciej w roztworach w rozpuszczalnikach organicznych, ktdre s3 lotne, co wywotuje problemy
z ich trwatoscia. Ponadto kapsuty cechuje wysoka symetria. W szczesliwym przypadku symetria
kapsuty pokrywa sie z symetrig krysztatu (tzn. z elementami symetrii grupy przestrzennej) i wtedy
struktura ulega znacznemu uproszczeniu. Jednak czesto zdarza sie sytuacja odwrotna, co prowadzi do
probleméw zwigzanych z pseudosymetrig i zblizniaczeniem krysztatow (szczegolnie biorgc pod uwage
chiralno$¢ i stabe oddziatywania miedzy kapsutami).

Fiasko dotychczasowych staran sprawito, ze zwrdcitem sie w strone metod stosowanych
w krystalografii makromolekularnej, zwanej réwniez biatkowg. Krystalografia biatkowa zajmuje sie
strukturami zwigzkéw wielokrotnie wiekszych od tych, z ktédrymi ma do czynienia krystalografia
tradycyjna. Algorytmy stosowane przy rozwigzywaniu takich struktur majg bardzo duze mozliwosci,
niestety sg one czesto nastawione na waskie spektrum obiektow (biatka i kwasy nukleinowe).
Poniewaz nie mieliSmy doswiadczenia w ich stosowaniu, podjelismy wspotprace z prof. Mariuszem

’ Wyniki opublikowane w:
M. Wierzbicki, M. Gilski, K. Rissanen, M. Jaskdlski, A. Szumna, CrystEngComm, 2014, 16, 3773-3780.
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Jaskélskim z UAM w Poznaniu. Wspdlnie z profesorem oraz jego wspdtpracownikiem, dr Mirostawem
Gilskim, podjatem prdébe rozwigzania naszej problematycznej struktury metodg Molecular
Replacement (MR) z uzyciem programu PHASER. Jest to metoda stosowana w krystalografii biatek
w sytuacji, kiedy istnieje wyznaczona wczesniej struktura o duzym podobienstwie (zblizonej
sekwencji aminokwaséw) do tej, ktérg chce sie rozwigzaé. Te wczesniej wyznaczong strukture
program traktuje jako model i znajduje jej optymalne potozenie w komdrce elementarnej tak, aby
eksperymentalny obraz dyfrakcyjny jak najlepiej zgadzat sie z tym odpowiadajagcym modelowi.
Poniewaz dysponowatem wyznaczong przeze mnie strukturg (L-3a),, liczytem (zaktadajac, ze nieznana
struktura réznic sie bedzie jedynie pozycjg taricuchdw bocznych), ze zastosowanie MR doprowadzi do
oczekiwanego rezultatu.

Jako model w pierwszym podejsciu do rozwigzania struktury (L-3b), wykorzystalismy strukture
(L-3a),, z ktdrej usuneliSmy niepotrzebne pierscienie aromatyczne faricuchéw bocznych oraz grupy
izobutylowe pochodzgce od rezorcynarenu (Rys. 10a). Jak sie okazato, PHASER znalazt rozwigzanie juz
w tej pierwszej probie, bez modyfikacji zadnego ze standardowych parametréw. Strukture te
udoktadnitem z uzyciem ShelXH do R,=0,0995 (Rys. 9a). Zwigzek (L-3b), wykrystalizowat jako kapsuta
analogiczna do (L-3a),, w grupie przestrzennej P2,2,2,. Jej symetria w fazie statej jest zaburzona,
poniewaz jedna z grup metylowych alaniny jest skierowana do wewnatrz dimeru (w przeciwienstwie
do konformacji stwierdzonej w roztworze, w ktdérej wszystkie ramiona sg rownocenne). Co wiecej,
wzajemne potozenie fragmentdw rezorcyn[4]arenu jest inne, tzn. kgt dwuscienny wyznaczony przez
odpowiadajgce sobie atomy i o$ kapsuty w (L-3b), wynosi 29° (w poréwnaniu do 44° dla (L-3a),).
Mimo tych znaczacych rdznic strukturalnych program PHASER znalazt poprawne rozwigzanie, co
$wiadczy dobrze o jego mozliwosciach. Srednia kwadratowa réznica potozeri odpowiadajacych sobie
atomoéw pomiedzy (L-3b), i modelem (tzw. parametr RMSD) wynosi 0,912A.

Rys. 9. (a) Struktura (L-3b), oraz (b) poréwnanie konformacji (L-3b), (zielony) i modelu (czerwony).

Zachecony tym sukcesem zdecydowatem sie dokfadniej sprawdzi¢ mozliwosci programu
PHASER. W szczegdlnosci chciatem sprawdzi¢ jak duza czes$¢ finalnej struktury musi by¢ obecna
w modelu, aby byto mozliwe otrzymanie poprawnego rozwigzania. Uznatem, ze jest to istotny
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problem z punktu widzenia zastosowania metod krystalografii biatek w chemii supramolekularnej.
Struktura wiekszosci podstawowych blokédw budulcowych w chemii supramolekularnej jest doktadnie
wyznaczona doswiadczalnie. Dlatego istotne jest okreslenie jaka czes$¢ struktury powinna byé znana,
aby mozna byto skorzystac z procedur MR. W przypadku biatek i kwaséw nukleinowych zaleznosci te
zostaty dogtebnie przeanalizowane, nie prowadzono jednak tego rodzaju badan pod katem
zastosowan supramolekularnych. Nie mozna réwniez w prosty sposdb przetozy¢é wnioskéw
wyciggnietych dla makromolekut na syntetyczne uktady supramolekularne, poniewaz réznig sie one
znaczgco pod wzgledem rozdzielczosci danych dyfrakcyjnych i stopnia dopasowania modelu.

W tym celu przeprowadzitem préby ponownego rozwigzania struktury (L-3b), korzystajac
z innych modeli przygotowanych w oparciu o strukture (L-3a), (Rys. 10b-f) i stosujgc poczatkowo
tylko standardowe ustawienia oprogramowania.

(a) (b)

RMSD =0,912 A RMSD =0,961 A RMSD = 0,554 A
60% ostatecznej struktury 50% ostatecznej struktury 40% ostatecznej struktury

(f)

RMSD = 0,724 A RMSD = 0,877 A RMSD = 0,122 A
30% ostatecznej struktury 25% ostatecznej struktury 20% ostatecznej struktury

Rys. 10. Struktury chemiczne modeli uzywanych przy prébach. Przy kazdym modelu podana jest srednia
kwadratowa réznica w potozeniu odpowiadajacych sobie atoméw (RMSD).

Stopniowo zmniejszajgc wielko$¢ modelu doszedtem do wniosku, ze poprawne rozwigzanie nie
jest w prosty sposéb zalezne od rozmiaréw modelu. Struktura zostata rozwigzana z uzyciem modelu
sktadajacego sie z dwdch rezorcyn[4]arendw, znajdujacych sie w odpowiedniej odlegtosci od siebie,
ale skreconych pod niewtasciwym katem (Rys. 10c). Réwniez model zawierajacy jeden
rezorcyn[4]aren, ale posiadajgcy nieusuniete grupy izobutulowe (Rys. 10e) pozwolit na rozwigzanie
struktury. Natomiast zastosowanie modeli przedstawionych na Rys. 10b, d i f nie doprowadzito do
rozwigzania.
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Program PHASER standardowo sprawdza dla kazdego potencjalnego rozwigzania liczbe zderzen
pomiedzy atomami C, i odrzuca te ze zbyt duzg ich iloscig. Ustalitem, ze wytgczenie tej funkcji moze
zwiekszy¢ szanse powodzenia w przypadku mojej struktury, ktdra nie jest przeciez biatkiem. Takie
podejscie pozwolito na rozwigzanie struktury (L-3b), z wykorzystaniem dwdch innych modeli (Rys.
10b i d), dla ktdrych nie byto to mozliwe bez modyfikacji ustawierh oprogramowania.

Metody uzywane w krystalografii biatkowej wydajg sie by¢ niezwykle uzyteczne w ustalaniu
struktur krysztatdw supramolekularnych, ktére bywajg duzym wyzwaniem dla tradycyjnej
krystalografii.  Szczegdlnie przydatne okazaty sie algorytmy Molecular Replacement
zaimplementowane w programie PHASER, efektywne nawet bez modyfikacji domysinych ustawien.
Wyniki moich prac dowodzg, ze sg one w stanie rozwigzywaé trudne problemy strukturalne
wykorzystujgc modele stanowigce niewielkg cze$¢ (25%) poszukiwanej struktury.
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Synteza tetraformylorezorcyn[4]arenu i jego reakcje z aminami
pierwszorzedowymi®

Opisane dotad przeze mnie kapsuty powstawaty w procesach tylko czesciowo odwracalnych,
oczym Swiadczy sukces syntezy kapsut hybrydowych. Wydajnosci ich otrzymywania byty
zadowalajgce, o ile wstepny etap zostat przeprowadzony w osobnych naczyniach. Jednak préby
syntezy typu ,one pot” drogg reakcji Mannicha nie powiodty sie ze wzgledu na nieodwracalne
przytaczanie réinych aminokwaséw do tego samego szkieletu rezorcyn[4]arenu (pierwszy etap
reakcji). Dlatego w nastepnej fazie badan postanowitem przetestowaé mozliwo$é wykorzystania
procesu w petni odwracalnego, jakim jest kondensacja amin z aldehydami i ketonami (czesto
wykorzystywana w dynamicznej chemii kowalencyjnej). Podjatem wiec préby syntezy
tetraformylorezorcyn[4]arenu, zwigzku ktéry datby mozliwos¢ odwracalnego przytaczania
aminokwasow i peptydéw do szkieletu makrocyklicznego. Ponadto mégtby on otworzy¢ droge do
wielu innych modyfikacji rezorcyn[4]arenu z wykorzystaniem bogatej chemii grupy aldehydowej.
Z zaskoczeniem stwierdzitem, ze mimo dos$é prostej budowy zwigzek ten nie byt poprzednio opisany
w literaturze. Powodem tego stanu rzeczy moze by¢ fakt, ze wprowadzenie podstawnika do uktadu
makrocyklicznego czesto okazuje sie problematyczne. Aby powstat pozgdany produkt przemiana
musi zajs¢ w kilku pozycjach tej samej czasteczki. Dlatego zeby uzyska¢ zadowalajgcg wydajnosé
trzeba wykorzystaé reakcje, ktéra zachodzi dobrze w wariantach matoczasteczkowych.

N
CHO CHCl,
HO OH LN\/ OH 40%NaOH HO OH
AcOH

Rys. 11. Préby syntezy tetraformylorezorcyn[4]arenu.

W celu otrzymania tego potencjalnie bardzo uzytecznego zwigzku przetestowatem
najwazniejsze drogi syntezy aromatycznych aldehydéw. Jako pierwszg zastosowatem reakcje
Reimera-Tiemanna w dwdch wariantach: dwufazowym (CHCl;, 40% NaOH, Et;N) oraz
homogenicznym (MeOH, NaOH, stechiometrycznie CHCl;). W obu przypadkach stwierdzitem
skomplikowane mieszaniny produktéw oraz niepetng konwersje substratu. Drugg sprawdzang
metodg byfta reakcja Duffa. W klasycznej wersji polega ona na reakcji fenolu z urotroping
w Srodowisku kwasu octowego, a nastepnie hydrolizie kwasem siarkowym, ktéra prowadzi do
ostatecznego produktu. W podobnych warunkach obserwowatem catkowita przemiane substratu,
jednak produkt otrzymywatem w formie mieszaniny wielu zwigzkéw. Podobne rezultaty

’ Wyniki opublikowane w:
M. Grajda, M. Wierzbicki, P. Cmoch, A. Szumna, J. Org. Chem., 2013, 78, 11597-11601.
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otrzymywatem stosujgc metanol lub THF jako rozpuszczalnik i prowadzac reakcje wobec niewielkiej
ilosci kwasu octowego.

Wykorzystujgc nowe doniesienia literaturowe na temat formylowania kaliks[4]-
i kaliks[5]arenéw,”” wspdlnie z Marcinem Grajda, studentem Wydziatu Chemii UW, ktéry pracowat
wowczas pod mojg opiekg nad swojg pracg magisterska, wprowadzilismy modyfikacje do
zastosowanych wczesniej warunkéow Duffa. W miejsce kwasu octowego, jako rozpuszczalnik
zastosowaliSmy kwas trdéjfluorooctowy (TFA), a ponadto reakcje prowadzilismy w reaktorze
mikrofalowym (Rys. 12a). Tq drogg otrzymalismy zwigzek 5 z wydajnoscig 48%.

(a) N (b)
N (\/N ChE
HO OH LN/ HO OH
—>
4 TFA .
1 5

Rys. 12. (a) Synteza zwigzku 5, oraz (b) jego struktura w ciele statym.

Strukture zwigzku 5 potwierdzilismy ponad wszelkg watpliwosé metodami NMR, IR, MS oraz
analizy elementarnej. Obecnos$¢ dwdch sygnatow atomdéw wodoru grup hydroksylowych (przy 8,4
i13,1 ppm) w widmie 'H NMR w CDCl; wskazuje na to, ze czasteczka wystepuje w konformagij
o symetrii punktowej C,. Tak duza réznica przesunie¢ sugeruje istnienie uktadu dwdch
wewnatrzczasteczkowych wigzarh wodorowych.”® Co ciekawe prowadzi to réwniez do rozdzielenia
sygnatéw pochodzacych od aromatycznych atoméw wegla w widmie *C NMR (zaobserwowatem
sze$¢ sygnatéw). W duzo bardziej polarnym rozpuszczalniku, jakim jest DMSO-ds, stwierdzitem
obecnos$¢ tylko jednego sygnatu pochodzgcego od atoméw wodoru grup hydroksylowych, oraz
czterech sygnatéw w zakresie aromatycznym w widmie *C NMR. Swiadczy to o szybkiej wymianie
(w skali czasu NMR) pomiedzy konformacjami o symetrii C; w DMSO oraz o wolnej wymianie w mniej
polarnym rozpuszczalniku, jakim jest CDCls.

Dodatkowe potwierdzenie struktury uzyskatem dzieki otrzymaniu (droga powolnej dyfuzji
acetonu do roztworu 5 w toluenie) monokrysztatu tetraformylorezorcyn[4]arenu nadajgcego sie do
pomiaréw krystalograficznych. Pomiar zostat wykonany w IChO PAN, a strukture rozwigzatem bez
problemu za pomocg programu ShelXS i udoktadnitem przy pomocy ShelXL z wykorzystaniem
interfejsu graficznego X-Seed. Jak sie okazato, w ciele statym mozna zaobserwowad istnienie
postulowanego ukfadu wigzan wodorowych (Rys. 12b), cho¢ w krysztale czasteczka przyjmuje
symetrie G,, a nie C,.

Reakcja zwigzku 5 z aminami pierwszorzedowymi moze teoretycznie prowadzi¢ do wielu
produktow ze wzgledu na mozliwos¢ wytworzenia rézinych regioizomerdéw, a takze istnienie
rownowagi tautomerycznej pomiedzy forma keto-enaminowag a enolowo-iminowg (Rys. 13a).
Przewidzenie kierunku reakcji, a w szczegdlnosci potozenia stanu rGwnowagi pomiedzy tautomerami,
nie jest proste. Opierajgc sie na dotagd opublikowanych przyktadach stwierdzitem, ze dla prostych
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pochodnych aldehydu salicylowego stabilna jest forma enolowo-iminowa (Rys. 13b).” Z drugiej
strony, w przypadku produktdw kondensacji amin aromatycznych z triformylofloroglucynolem,
trwaty jest tautomer keto-enaminowy (Rys. 13c).*° Nie opublikowano dotad zadnych danych
eksperymentalnych  dotyczgcych  produktu kondensacji 2-formylorezorcyny z  aminami
pierwszorzedowymi, ktory bytby najblizszym analogiem dla pochodnych rezorcynarenu 5.

(a) (b) (€)

R ' NH

. R
_N NH
OH ™ 0 =
AN H
| | HO N N
/ /
R R cl 0] HN\©

Rys. 13. (a) Rdwnowaga pomiedzy formami tautomerycznymi (enolowo-iminowa i keto-enaminowa)
produktéw kondensacji amin pierwszorzedowych z pochodnymi aldehydu salicylowego, oraz (b) i (c) przyktady
stabilnych tautomerow.

Przeprowadzitem reakcje pomiedzy 5, a szeregiem amin pierwszorzedowych 6a-e (Rys. 14a).
Tak w przypadku amin alifatycznych jak i aromatycznych zaobserwowatem szybkie klarowanie
mieszanin reakcyjnych i zmiane barwy roztwordw z zé6ttej na czerwonga. Produkty 7a-e wydzielitem
z wysokimi wydajnoséciami 95-98 %. Wszystkie zwigzki 7a-e posiadajg proste widma 'H NMR, co
Swiadczy o wysoce symetrycznej budowie czasteczek oraz o wystepowaniu pojedynczych
regioizomerdw i tautomeréw. W widmach *C NMR obecnych jest sze$¢ sygnatéw pochodzacych od
aromatycznych atoméw wegla (nie liczac sygnatéw pochodzacych podstawnika przy grupie
aminowej, jesli takie wystepujg), przy czym jeden z nich jest silnie przesuniety w kierunku zakresu
karbonylowego (tzn. do ok. 170 ppm). Moze to sSwiadczy¢ o wystepowaniu zwigzkdow 7a-e w formie
keto-enaminowej. Obecnos¢ tej formy tautomerycznej potwierdzitem dodatkowo poprzez widma
korelacyjne 'H-""N HSQC i gHMBC. Sygnaty jader azotu w tych widmach wystepuja w zakresie -200 +
-180 ppm, charakterystycznym dla atomdéw azotu w formie keto-enaminowej.*! Dla poréwnania,
ugrupowanie enolowo-iminowe daje zwykle sygnaty N o przesunieciach w przedziale -90 + -60
ppm.*? Widma HSQC dowiodty réwniez istnienia atomu wodoru zwiazanego z azotem (stata
sprzezenia ok. 70 Hz).

Wystepowanie formy keto-enaminowej potwierdzitem ostatecznie dzieki uzyskaniu struktury
zwigzku 7a w ciele statym (Rys. 14b). Bezposrednie wyznaczenie potozenia atomdéw wodoru na
podstawie eksperymentalnych map gestosci elektronowej jest czesto niemozliwe, poniewaz
posiadajg one tylko po jednym elektronie. Niemniej jednak, mozna wydedukowad ktéry tautomer
jest obecny w strukturze, opierajgc sie na dtugosciach odpowiednich wigzan. Stwierdzitem, ze
w przypadku 7a wystepujg systematyczne réznice w dtugosciach wigzan pomiedzy weglem a tlenem
(cztery wigzania o dtugosciach 1,298 — 1,310 A oraz cztery o dtugosciach 1,354 — 1,358 A), co
definitywnie dowodzi istnienia formy keto-enaminowe;.
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: A
CHO 7
HO OH HO OH HO 0]
+ R, NH2 CHC|3
—_— —
4 4 4
5 6a-e
Ta-e Ta-e
forma enolowo-iminowa forma keto-enaminowa
a:R=Bn
b:R= I"I-CSHW
c:R=Ph
dR=
e

Rys. 14. (a) Reakcja tetraformylorezorcyn[4]arenu z aminami pierwszorzedowymi, oraz (b) struktura 7a w ciele
statym (wiekszo$¢ atomdw wodoru i czasteczki rozpuszczalnika zostaty usuniete dla poprawienia czytelnosci
rysunku).

Ksztatt czgsteczek produktéw 7a-e przypomina smigto, co czyni te zwigzki chiralnymi nawet bez
potrzeby przytaczania dodatkowych chiralnych grup (Rys. 15). W przypadku achiralnych amin (7a-c)
produkty sg oczywiscie racemiczne. Co za tym idzie, wprowadzenie asymetrycznego podstawnika
powinno doprowadzi¢ do wytworzenia diastereoizomerdw rozréznialnych poprzez NMR.

A

Rys. 15. Enancjomery 7a-c.

Aby to sprawdzi¢ przeprowadzitem kondensacje tetraformylorezorcyn[4]arenu z chiralnymi
aminami (R)-6d i (R)-6e. W obu przypadkach stwierdzitem dwa zestawy sygnatéw tak w widmach
'H jak i *C NMR. Stosunek stezeri diastereoizomerdw (wyznaczony na podstawie catkowania widm
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'H NMR) wynosi dla (R)-7d 55:45, natomiast w przypadku (R)-7e, produktu bardziej zattoczonego
sterycznie, jest on wyzszy i wynosi 68:32. Widma 2D ROESY wykazaty dla obu tych zwigzkéw brak
korelacji pomiedzy dwoma zestawami sygnatdw, natomiast eksperymenty EXSY wykluczyty
jakakolwiek wymiane pomiedzy diasterecizomerami w skali czasu NMR. Mimo tego, préby
rozdzielenia izomerdw drogg chromatografii nie powiodty sie.

Interesujgce wyniki dato wykonanie analogicznych eksperymentéw z zastosowaniem
racemicznych amin rac-6d i rac-6e. Dla rac-6d otrzymatem skomplikowang mieszanine keto-enamin
bez zadnej widocznej prawidtowosci. Jednak w przypadku rac-6e, otrzymatem mieszanine identyczng
z tg uzyskang z uzyciem optycznie czystej aminy (R)-6e (oczywiscie tutaj w formie racemicznej,
oidentycznych widmach 'H i C NMR). Swiadczy to o duzej zdolnoici do skutecznego
samosortowania, ktdrg zaobserwowatem po raz pierwszy, a ktdra zostata pdziniej wykorzystana
w syntezie kapsut molekularnych w Zespole IX IChO.
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Struktury peptydowych kapsut molekularnych w ciele statym’

W ramach pracy nad swojg pracg doktorskg mgr inz. Hanna Jedrzejewska przeprowadzita
synteze kapsut molekularnych wychodzac z tetraformylorezorcyn[4]arenu i serii aminokwaséw oraz
krétkich peptydéw o wolnych N-koncach (Rys. 16). Kapsuty te powstajg w procesach typu ,,one pot”,
w ktdrych wazng role odgrywajg zjawiska chiralnego sortowania, tautomeryzacji, chiralnej indukcji i
samoasocjacji. Mimo ze niezwykle interesujgce, zaréwno synteza, jak i dynamiczne wtasciwosci tych
zwigzkéw nie sg przedmiotem niniejszej rozprawy. Moj wktad w te prace byt bezposrednig
kontynuacjg zainteresowan procesami sortowania oraz wynikiem doswiadczen w rozwigzywaniu
struktur metodami biatkowymi. Polegat on na pomiarze (w tym réwniez z uzyciem synchrotronowych
zrédet promieniowania), rozwigzywaniu i analizie struktur peptydowo-rezorcynarenowych kapsut
molekularnych.

ll? R

|

N
CHO Z NH
HO OH HO OH HO o
CHCl,
] ‘—;
4 D lub L 8a-d 4 4
5 9a-d 9a-d

L-8a: (L)Phe-NHMe

D-8a: (D)Phe-NHMe

L-8b: (L)Phe-Gly-NHMe

D-8b: (D)Phe-Gly-NHMe

L-8c: (L)Phe-Gly-(L)Phe-NHMe
D-8c: (D)Phe-Gly-(D)Phe-NHMe
L-8d: (L)Phe-Gly-(L)Phe-Gly-NHMe
D-8d: (D)Phe-Gly-(D)Phe-Gly-NHMe

Rys. 16. Dynamiczna synteza kapsut molekularnych.

Najprostsza z opisywanych kapsut sktada sie z dwéch monomerdéw o przeciwnej chiralnosci:
L-9a i D-9a. Takg budowe (w przeciwieristwie do samego L-9a, ktdry nie tworzy kapsuty) potwierdzajg
widma NMR, w tym ROESY i DOSY. llos¢ sygnatéw wskazuje na dimer o symetrii Sg. Monokrysztat
tego zwigzku otrzymatem z roztworu w toluenie. Pomiar dyfrakcji promieniowania rentgenowskiego
zostat wykonany na dyfraktometrze Agilent SuperNova. Strukture rozwigzatem metodami
bezposrednimi uzywajgc programu ShelXS i udoktadnitem za pomoca ShelXL.

’ Wyniki opublikowane w:
H. Jedrzejewska, M. Wierzbicki, P. Cmoch, K. Rissanen, A. Szumna, Angew. Chem. Int. Ed., 2014, 53, 13760-13764.
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Rys. 17. Struktura (L-9a)(D-9a). Atomy wodoru niezaangazowane w wigzania wodorowe zostaty pominiete dla
lepszej przejrzystosci rysunku.

Zwigzek (L-9a)(D-9a) wykrystalizowat w formie kapsuty, jednak jego struktura w ciele statym
rozni sie nieco od tej zaobserwowanej za pomocg NMR w roztworze (Rys. 17). Jak sie okazato, we
wnetrzu dimeru ulokowane sg dwie czgsteczki toluenu. Rozpuszczalnik, ze wzgledu na swdj rozmiar,
nie pozwala na utworzenie petnego zestawu wigzan wodorowych wokot kapsuty. Symetria kapsuty
jest z tego powodu zaburzona, cho¢ monomery nadal pozostajg w relacji centrosymetrycznej. Co
wiecej, mozna przypuszczaé, ze w roztworze kapsuta wystepuje w formie bardziej symetrycznej, na
co wskazujg wyniki badan NMR. Dodatkowo, struktura w ciele statym potwierdzita wystepowanie
obu monomerdéw w formie keto-enaminowej, co zaobserwowano réwniez poprzez NMR.

W przeciwienstwie do 9a, zwigzek 9b tworzy dimery homochiralne, tzn. ztozone z monomeréw
o tej samej konfiguracji. Co wiecej badania NMR wskazujg, ze monomery te, mimo iz s3 utworzone
z aminokwaséw o jednakowej chiralnoci, nie sa identyczne. Widma 'H i *C wskazuja na to, ze
monomery wystepuja w dwoéch odmiennych formach tautomerycznych. Hipoteza ta znalazta
potwierdzenie takie w widmach N NMR, w ktérych zaobserwowaliémy zaréwno sygnat
charakterystyczny dla enaminy (8 = -205ppm), jak rowniez sygnat azotu iminowego (6 = -103ppm).
Dodatkowo, sygnaty grup metylowych pochodzace od amidéw metylowych na C-koncach s3g znacznie
przesuniete w kierunku wyzszych pél (Ad =-1,2 ppm).

Wyttumaczenie tych obserwacji data struktura rac-(9b), w fazie statej. Monokrysztaty zostaty
otrzymane bezposrednio z mieszaniny reakcyjnej zawierajgcej 5 i racemiczny 8b. Pomiar zostat
wykonany w zespole XII IChO PAN. Strukture rozwigzatem z uzyciem metod bezposrednich (ShelXS)
i udoktadnitem za pomocga ShelXL. Zwigzek (L-9b), w fazie statej istnieje w formie dimeru (Rys. 18)
o budowie potwierdzajgcej wnioski wyciggniete z eksperymentéw NMR. Dtugosci wigzan we
fragmentach pochodzacych od rezorcyn[4]arenu wskazujg jednoznacznie na wystepowanie obu

29

http://rcin.org.pl



monomerow w réznych formach tautomerycznych. W szczegélnosci dla wigzan pomiedzy weglem
a tlenem stwierdzitem dtugosci 1,292A i 1,365A (forma keto-enaminowa) oraz 1,376A i 1,367A (forma
enolowo-iminowa). Mimo tego, ze krysztat zostat otrzymany z racemicznych substratow (i sam jest
w istocie racemiczny), to zawiera on jedynie kapsuty homochiralne, tzn. (L-9b), i (D-9b),. Co ciekawe,
kapsuta (9b), nie jest znaczaco wydtuzona w poréwnaniu z (L-9a)(D-9a), pomimo, ze jest zbudowana
z peptydu o wiekszej dtugosci tancucha. Co wiecej, utozenie tancuchéw peptydowych w (9b), jest
inne niz we wszystkich pozostatych opisywanych przeze mnie przypadkach. Monomery sg zwigzane
ze sobg poprzez skomplikowany ukfad dwunastu wigzan wodorowych, a tancuchy peptydowe
przyjmujg konformacje, ktére skutkuja umieszczeniem amidowych grup metylowych wewnatrz
dimeru. Wyjasnia to nietypowo niskie przesuniecia chemiczne atoméw wodoru tych grup w widmie
'H NMR.

(b)

Rys. 18. Struktura (L-9b), w ciele statym. Atomy wodoru niezaangazowane w wigzania wodorowe zostaty
pominiete dla lepszej przejrzystosci rysunku.

W reakcji typu one-pot z uzyciem 5 i racemicznego 8c zostat otrzymany zwigzek (L-9¢)(D-9c).
Na jego dimeryczng budowe wskazujg widma NMR, w szczegdlnosci DOSY i ROESY. Monokrysztat
tego zwigzku otrzymatem poprzez powolne odparowanie roztworu w mieszaninie chlorku metylenu
i cykloheksanu. Pomiar krystalograficzny zostat wykonany w laboratorium prof. Kari Rissanena na
Uniwersytecie Jyvaskyld (Finlandia). Strukture rozwigzatem za pomocg programu ShelXS
i udoktadnitem przy pomocy ShelXL. Uzyskany wynik potwierdzit wystepowanie (L-9¢)(D-9¢) w postaci
dimeru tworzgcego sie¢ 24 wigzan wodorowych (Rys. 19). Motyw wigzacy jest komplementarny (nie
zawiera niesparowanych donordéw ani akceptorow wigzan wodorowych). Kapsuta, w przeciwienstwie
do (L-9b),, posiada wydtuzony ksztatt i zamyka przestrzer o objetosci okoto 880 A® (obliczone za
pomocy OLEX2).
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(b)

Rys. 19. Struktura kapsuty (L-9¢)(D-9c). Pierscienie aromatyczne fenyloalaniny pokazane w kolorze szarym nie
zostaty znalezione w eksperymentalnej gestosci elektronowej.

Ze wzgledu na duzy rozmiar kapsuty, a takze wtasciwosci samego krysztatu (znaczny
nieporzadek i duza ilos¢ stabo zdefiniowanego rozpuszczalnika) udoktadnienie doprowadzito jedynie
do R = 0,169. Co wiecej, jeden z pierscieni fenyloalaniny nie jest w ogdéle widoczny na mapach
gestosci elektronowej. Réwniez czagsteczki rozpuszczalnika sg zbyt mato uporzadkowane, aby byty
mozliwe do udokfadnienia. Z tych powoddéw zastosowatem procedure ,Solvent Masking”
zaimplementowang w programie OLEX2, aby usungé¢ nieuporzadkowane fragmenty
z eksperymentalnej gestosci elektronowej. Nalezy zaznaczyé, ze préby uzyskania wyzszej jakosci
danych z uzyciem promieniowania synchrotronowego (synchrotron BESSY Il w Berlinie) nie powiodty
sie. Swiadczy to dobitnie o istnieniu granicy mozliwoéci analitycznych metod dyfrakcji
promieniowania rentgenowskiego. Jesli obiekt badan nie jest wystarczajgco uporzadkowany, to
niezaleznie od intensywnosci wigzki promieniowania zjawisko dyfrakcji nie jest obserwowane.

Krystalizacja produktu reakcji pomiedzy 5 i L-8d doprowadzita do uzyskania monokrysztatow,
jednak ich wtasnosci okazaty sie nieodpowiednie dla wyznaczenia struktury (L-9d),, nawet
z wykorzystaniem synchrotronu BESSY Il. Krysztaty wykazywaty anizotropie uporzadkowania, tzn.
dawaty dobrej jakosci obrazy dyfrakcyjne (choé¢ niezbyt wysokiej rozdzielczosci) w jednym
z kierunkow krystalograficznych (Rys. 20a), natomiast dane uzyskane po obrocie o 90° nie nadawaty
sie do interpretacji (Rys. 20b).
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(a) (b)

Rys. 20. Obrazy dyfrakcyjne krysztatu (L-9d),. Obraz (b) zostat zarejestrowany po obrocie krysztatu o 90°
w stosunku do (a). Pomiar wykonany z pomocg wigzki promieniowania rentgenowskiego synchrotronu BESSY II.
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Synteza i badania strukturalne kapsut molekularnych opartych na
motywie acylohydrazonu.’

Wspdlnie z Markiem Szymanskim (studentem Politechniki Warszawskiej), w ramach jego pracy
inzynierskiej wykonywanej pod mojg opieka, podjelismy sie préby wytworzenia pochodnych
rezorcynarenu 5 i krétkich peptydéw i aminokwaséw stosujgc podejscie nieco inne niz opisywane
w poprzednim rozdziale (strona 28). Zmiana ta polegata na odwrdceniu sekwencji aminokwaséw
i przytagczeniu peptydéw do 5 poprzez ich C-koniec. ZamierzaliSmy w ten sposéb zmodyfikowac
motyw wigzacy, zwiekszy¢ trwatos¢ termodynamiczng kapsut (kapsuty iminowe 9a-d byty bardzo
labilne) oraz zmienié¢ geometrie luki. W tym celu zaplanowalismy wprowadzenie pierwszorzedowe;j
grupy aminowej na C-koncu. OsiggneliSmy to poprzez synteze szeregu hydrazydéw aminokwaséw
i dwupeptydéw (Rys. 21). Jak dowiedziono wczesniej, acylohydrazony powstajgce w reakcji
hydrazydéw z aldehydami sa doskonatymi blokami budulcowymi dynamicznych bibliotek,* ze
wzgledu na ich trwato$¢, ajednoczeénie odwracalno$¢ ich tworzenia.>® Z tego powodu
spodziewalismy sie uzyskania zwigzkéw zdolnych do samosortowania, by¢ moze w formie kapsut
molekularnych.

(a)

(b)

Rys. 21. Koncepcja odwrdcenia sekwencji aminokwasow: (a) amid metylowy peptydu posiadajgcy wolng grupe
aminowg na N-koncu, oraz (b) acetylowany hydrazyd (wolna pierwszorzedowa grupa aminowa na C-koncu).

Otrzymalismy hydrazydy fenyloalaniny i waliny (odpowiednio 12a i 12d) w obu formach
enancjomerycznych, wedtug procedury przedstawionej na Rys. 22. W pierwszym etapie

! Publikacja przyjeta do druku:
M. Szymanski, M. Wierzbicki, M. Gilski, H. Jedrzejewska, M. Sztylko, P. Cmoch, A. Shkurenko, M. Jaskolski, A. Szumna, Chem.
Eur. J., 2016, przyjeta do druku.
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wytworzyliSmy estry metylowe aminokwaséw 10a i 10d, a nastepnie przeprowadziliSmy
acetylowanie wolnych grup aminowych. Tak otrzymane N-acetylowane estry aminokwaséw 11ai11d
poddalismy reakcji z hydratem hydrazyny, otrzymujgc odpowiednie hydrazydy 12a i 12d. Opisane
reakcje przeprowadezilismy dla obu enancjomerdw waliny i fenyloalaniny.

R

R
SOCl, o. 10a
o O 0% o 10

MeOH xHCI o

O
2a:R=Bn Ac,0
2d: R=iPr l Et3N
CH,Cl,

O R
12a H NH2NH2XH20
AN, e X *m s
H MeOH 11d
0]
Rys. 22. Synteza hydrazyddéw N-acetylowanych aminokwasow.

Hydrazydowe pochodne dwupeptydéw: Gly-Val i Gly-Phe otrzymalismy w sekwencji reakgcji
przedstawionej na Rys. 23. W pierwszym etapie sprzegaliSmy Boc-fenyloalanine 13a lub Boc-waline
13d z hydrazyng zabezpieczong grupa Cbz 14 uzywajac EDCI jako odczynnika sprzegajgcego, oraz
OXYMA w celu zapobiezenia racemizacji. Otrzymane produkty odbezpieczaliémy za pomoca TFA,
a nastepnie sprzegaliSmy je z N-acetyloglicyng 17 analogicznie jak w syntezie 15a i 15d. Nastepnie
przeprowadzalismy hydrogenolize grupy Cbz gazowym wodorem katalizowang palladem na weglu
aktywnym, uzyskujac jako produkty acetylowane hydrazydy dwupeptyddéw: glicylowaliny 19a
i glicylofenyloalaniny 19d.

O R o OXYMA
P TITR RN kx JL
0 H . H o}
o} EDCI
13a: R =Bn 14 THF 15a
13d: R = jPr 15d TEA
H
\H/N\/COOH CH,Cl,
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o H § H Et;N 5 H
18a EDCI 16a
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H,
. > -
Pd/C EDCI: NN
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Rys. 23. Procedura syntezy hydrazydéw N-acetylowanych dwupeptydow.
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Wszystkie otrzymane hydrazydy wykorzystalismy w reakcji tworzenia acylohydrazonéw
z tetraformylorezorcyn[4]arenem 5. Reakcja hydrazyddw 12a, 12d, 19a, 19d z 5 wymaga ogrzewania
do 70°C (w przeciwienstwie do reakcji z aminami, ktéra zachodzi szybko w temperaturze pokojowej).
W tych warunkach acylohydrazony (odpowiednio 20a, 20d, 21a i 21d, Rys. 24) otrzymalismy
z wysokimi wydajnosciami (tj. 85 — 97%).

Acylohydrazony mogg teoretycznie powstawaé w postaci wielu izomeréow. Mozliwa jest
izomeria cis-trans na wigzaniu iminowym oraz izomeria wigzania amidowego. Co wiecej, jak opisatem
w poprzednich rozdziatach, zwigzki tego typu mogg tautomeryzowac¢ do formy keto-enaminowej
(w ktérej znéw mozliwe sy rdéine izomery typu cis-trans). Opisywana sytuacja dotyczy jedynie
pojedynczego ugrupowania acylohydrazonowego. Otrzymane przez nas zwigzki posiadajg cztery takie
grupy w czasteczce, co poteguje liczbe teoretycznie mozliwych form. Mimo tego, widma *H i *C NMR
zwigzkéw 20a, 20d, 21a i 21d sg ostre i do$¢ proste, i wskazujg na C,-symetryczng budowe
czgsteczek, w ktérych wystepuje ta sama forma tautomeryczna we wszystkich faricuchach. Widma
HSQC i HMBC (tak 'H-"C, jak i 'H-""N) pozwolity nam na ustalenie potozenia atoméw wodoru,
a zatem na przypisanie konkretnej formy tautomerycznej produktow. Wszystkie acylohydrazony
wystepujg w postaci enolowo-iminowej. Co wiecej, w widmach ROESY zwigzkéw 20a i 20d
zaobserwowalismy korelacje pomiedzy sygnatami protondw iminowych oraz sygnatami acetylowych
grup metylowych. Widma ROESY 21a i 21d pozwalajg natomiast zauwazy¢ korelacje pomiedzy
sygnatami protonow iminowych i atomoéow wodoru grup metylenowych glicyny (Rys. 24). Dodatkowo,
wspotczynniki dyfuzji zmierzone metodg DOSY s3 zblizone do tych uzyskanych dla poprzednio
opisywanych dimerycznych kapsut molekularnych. Wszystkie te dane eksperymentalne wskazujg na
to, ze otrzymane przez nas acylohydrazony tworzg w roztworach dimeryczne kontenery molekularne.

CHO
HO OH
_|_
4
5 12a 20a: R'=Bn,R2=H
12d 20d: R'=iPr,R%2=H
19a 21a: R' = Bn, R2 = NHCOMe
19d 21d: R" = jPr, R2 = NHCOMe

Rys. 24. Reakcja hydrazydow z tetraformylorezorcyn[4]arenem. Czerwong strzatkg oznaczona zostata korelacja
obserwowana w widmach ROESY.

Potwierdzeniem tej hipotezy sg struktury dwdch sposréd opisywanych kapsut w ciele statym
wyznaczone metodg rentgenowskiej analizy strukturalnej. Monokrysztat zwigzku D-20d uzyskatem
drogg powolnej dyfuzji etanolu do roztworu chloroformowego. Pomiar rentgenowski zostat
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wykonany przez dr Aleksandra Shkurenko w Instytucie Chemii Fizycznej PAN w Warszawie. Strukture
rozwigzatem metodami bezposrednimi z uzyciem programu ShelXS i udoktadnitem za pomocg ShelXL
(interfejs graficzny X-Seed) do R1 = 0,0677. Usungtem gesto$¢ elektronowg pochodzgcy od
rozpuszczalnika bedgacego w nieporzagdku przy pomocy procedury ,Solvent Masking” w programie
OLEX2. W krysztale zwigzek D-20d wystepuje w formie dimeru (D-20d),, w ktérym monomery
oddziatujg za pomocy wigzan wodorowych (Rys. 25). Kapsuta zawiera cztery pary tancuchdéw
aminokwasowych, tworzgce motyw przypominajacy antyréwnolegta B-kartke. Konformacja, jaka
przyjmuja fragmenty waliny, jest zgodna z naturalnie wystepujgcymi PB-kartkami (potozenie na
wykresie Ramachandrana: ¢ = -118.4°, y = 107.2°). Warto zauwazy¢, ze tancuchy sg utozone parami
wokot struktury i pary te nie sg do siebie catkowicie komplementarne. Kapsuta jest zamknieta dzieki
obecnosci czasteczek etanolu tworzacych mostki pomiedzy grupami amidowymi niezaangazowanymi
w formowanie motywu [-kartki.

(b) (c)

Rys. 25. (a) Struktura (D-20d),, (b) zblizenie na fragment struktury ukazujgcy motyw analogiczny do B-kartki,
oraz (c) budowa naturalnej B-kartki z zaznaczonym fragmentem obecnym w (D-20d),.

Rowniez w przypadku 21a uzyskatem potwierdzenie dimerycznej budowy dzieki wyznaczeniu
struktury w ciele statym. Otrzymatem monokrysztat zwigzku rac-(21a), poprzez powolng dyfuzje
izopropanolu do roztworu rac-(21a), w chloroformie. Pomiar dyfrakcji promieniowania
rentgenowskiego wykonatem za pomocg wigzki 1911-3 synchrotronu MaxLab Il (Lund, Szwecja).
Strukture rozwigzatem uzywajgc programu ShelXS i udoktadnitem za pomocg ShelXH
z wykorzystaniem interfejsu graficznego ShelXle. Ze wzgledu na rozmiar kapsuty, oraz stopien
skomplikowania struktury (cze$¢ asymetryczna zawiera catg kapsute), tak we wnetrzu dimeréow jak
i pomiedzy nimi ulokowana jest duza ilos¢ rozpuszczalnika o stabo zdefiniowanym potozeniu. Z tego
powodu zastosowatem procedure maskowania rozpuszczalnika zaimplementowang w programie
OLEX2.

Zwigzek 21a tworzy kapsute (Rys. 26a), przy czym warto zauwazy¢, ze struktura rac-(21a),
zawiera wytgcznie homochiralne kapsuty (L-21a), i (D-21a),. Jej rozmiar jest zblizony do rozmiaru
(D-20d),, co wiecej, uktad wigzan wodorowych w tym przypadku réwniez odpowiada strukturze
B-kartki (Rys. 26b). Jednak, o ile dla (D-20d), obserwowatem tworzenie motywu zawierajgcego
pierscien 10-cztonowy (Rys. 25c), to w rac-(21a), dimeryzacja zachodzi z utworzeniem pierScieni
14-cztonowych (Rys. 26¢), ktére réwniez wystepujg w naturalnych B-kartkach. Poza tym w strukturze
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rac-(21a),, w przeciwienstwie do (D-20d),, brak jest dodatkowych mostkéw z udziatem
rozpuszczalnika. Role donora i akceptora , brakujgcych” wigzan wodorowych petni tu N-acetylowana
glicyna. W  krysztale ugrupowanie to dodatkowo bierze udziat w oddziatywaniach
miedzyczasteczkowych z innymi kapsutami oraz czgsteczkami rozpuszczalnika.

(b) (c)

Rys. 26. Struktura rac-(21a),, (b) zblizenie na fragment struktury ukazujgcy motyw analogiczny do B-kartki, oraz
(c) budowa naturalnej B-kartki z zaznaczonym fragmentem obecnym w rac-(21a),.

Otrzymane kapsuty cechuje wysoka stabilnos¢ oraz zdolnos$¢ do samosortowania. DowiedliSmy
tego w nastepujgcych eksperymentach. Dwie réwnomolowe mieszaniny: (L-20a), i (L-20d), oraz
(L-20a), i (D-20d), rozpusciliémy w CDCl;. W temperaturze pokojowej nie obserwowaliSmy zmian
w widmach 'H NMR nawet po ok. siedmiu dniach. Ogrzewanie prébek do 70°C (tzn. do temperatury,
w ktorej kapsuty zostaty otrzymane) doprowadzito w przypadku mieszaniny homochiralnej do
,wymieszania” fragmentdw hydrazydowych i powstania statystycznego zestawu mozliwych
produktéow, co potwierdzito dodatkowo widmo ESI-MS. Nie stwierdzilismy natomiast obecnosci
hybrydowej kapsuty (L-20a)(L-20d). Dla mieszaniny heterochiralnej nie zaobserwowalismy zjawiska
podstawiania czesci hydrazydowych.

(@) 1 / A Il ”b\ }ﬂl

§/ppm 11,8 8,4 7.6 48 4,4

Rys. 27. Wymiana monomerow kapsut pod wptywem metanolu. Widma 'H NMR w CDCl; z dodatkiem 5%
MeOH: (a) (L-20d),, (b) (L-20a),, (c) (L-20a), i (L-20d), po trzech dniach, (d) (L-20a), i (D-20d), po trzech dniach.
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Aby doprowadzi¢ do wymiany monomerow bez zrywania wigzan kowalencyjnych dodalismy do
wyjsciowych prébek niewielkiej ilosci (ok. 5%) metanolu. Metanol tworzy wigzania wodorowe z
grupami amidowymi, przez co utatwia dysocjacje kapsut na monomery. W tych warunkach po trzech
dniach w widmie 'H NMR mieszaniny (L-20a), i (L-20d), stwierdziliémy obecno$¢ dodatkowego
zestawu sygnatéw odpowiadajgcego hybrydowej kapsule (L-20a)(L-20d), co potwierdzilismy réwniez
metodg ESI-MS. Z drugiej strony mieszanina (L-20a), i (D-20d), pozostata niezmieniona, tzn. nie
powstaty mieszane kapsuty heterochiralne, na przyktad (L-20a)(D-20d). Wyniki te swiadczg o duzej
preferencji do tworzenia dimeréw homochiralnych.

Tak silna preferencja kapsut acylohydrazonowych do tworzenia okreslonego typu struktur
wskazuje na ich prawdopodobng zdolnos¢ do samosortowania. Wykonalismy serie doswiadczen
majacych na celu sprawdzenie mozliwosci samosortowania w reakcjach z substratami o rdznej
dtugosci tancucha i réznej konfiguracji. W reakcji tetraformylorezorcyn[4]arenu 5 z hydrazydami
L-12a i D-12d otrzymaliémy wytgcznie kapsuty homochiralne, co jest w zgodzie z opisanymi wyzej
obserwacjami. Nie stwierdziliSsmy sortowania w przypadku uzycia substratow o jednakowej
chiralnosci, tzn. L-12a i L-12d, uzyskaliSmy natomiast skomplikowang mieszanine wielu produktéw.
Whioski te potwierdziliémy metodami *H i *C NMR, ESI-MS i HPLC.

a) Ay l y A JL,, M

b)

/" / /”
DU W SR P
) ___ o, M, N
® LA N S JL#,_M»W M
U U | A

9 _~nl e e e ““\\-_..-_/,L....._.__./\..._.- I\"M\//-/Vk.._.._-/L

ryi rya i
T T T 7/ 71 T 7/ 1 T T 7/ T T

6/ppm 12,5 11,5 85 55 4,5 3,5

Rys. 28. Widma NMR w CDCl;: (a) (L-20a),, (b) (L-20d),, (c) (L-21a),, oraz produktéw reakcji
pomiedzy 5 a: (d) L-12ai L-12d, (e) L-12ai D-12d, (f) L-12d i L-19a, (g) L-12d i D-19a.

Co ciekawe, nie zaobserwowaliSmy sortowania w reakcji 5 z hydrazydami o jednakowej
konfiguracji, ale rdznigcymi sie dtugoscia tancucha peptydowego, tzn. L-12d i L-19a. Jednak
w przypadku L-12d i D-19a (hydrazydéw o przeciwnej konfiguracji i innej dtugosci tancucha
peptydowego) otrzymaliSmy mieszanine zawierajgcg wytgcznie homochiralne dimery (L-20d),
i (D-21a),.
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Tak silng tendencje do tworzenia wytgcznie kapsut homochiralnych mozna wyjasni¢ na
podstawie struktur w ciele statym (D-20d), i rac-(21a),. Blizsze spojrzenie na motyw strukturalny
B-kartki w obu z nich (Rys. 25b i Rys. 26b) pozwala zauwazy¢, ze gdyby zamieni¢ konfiguracje
ktéregokolwiek z aminokwaséw, to (aby uktad wigzan wodorowych pozostat niezaburzony) jego
tancuch boczny musiatby by¢ skierowany do wnetrza kapsuty. Taka sytuacja jest z pewnoscig
niekorzystna ze wzgleddw sterycznych. Natomiast, co do braku zaleznos$ci samosortowania od
dtugosci tancucha peptydowego, tatwo zauwazyé, ze system wigzan wodorowych zamykajacych
kapsute obejmuje jedynie pierwszy aminokwas (odpowiednio waline i fenyloalanine). Obecnos¢
reszty glicyny nie zmienia znaczgco rozmiaréw kapsuty, zatem nie wptywa réwniez na zdolnosé do
samosortowania.

Ksztatt oraz rozmiar luki wewnatrz otrzymanych kapsut acylohydrazonowych (758 A® dla
rac-(21a),, obliczone za pomocg OLEX2) sugeruje mozliwo$¢ skompleksowania fulerenu Cg. Préby
kompleksowania C¢; we wnetrzu (L-20a), i (L-21a), w CDCl; nie przyniosty oczekiwanych rezultatéw
mimo dtugiego czasu eksperymentu (do kilku tygodni). Nie pomdgt dodatek metanolu ani ogrzewanie
do 70°C. Jednak kiedy reakcje pomiedzy 5, a L-12d lub L-19a przeprowadzilismy w obecnosci
stechiometrycznej ilosci fulerendw (Cgo lub Cyp), uzyskaliSmy ilosciowo kompleksy Cgo=(L-20d),,
Ceo(L-21a), i Cyo=(L-21a),. Tworzenie tego rodzaju komplekséw potwierdzilismy ponad wszelka
watpliwos¢ metodami NMR i ESI-MS. Skompleksowane fulereny nie sg uwalniane z kapsut nawet po
ogrzewaniu do 70°C przez 7 dni w CDCl;. Prowadzi to do wniosku, ze podczas gdy kapsuty majg silne
termodynamiczne powinowactwo do fulerendéw, kompleksowanie Cg i C;p W juz utworzonych
kapsutach jest uniemozliwiane przez duzg bariere kinetyczng. Mimo tego osiggnelismy
kompleksowanie poprzez mielenie kapsut wraz z Cg, przez 1 godzine w mtynie kulowo-planetarnym
(w fazie statej bez uzycia rozpuszczalnika). Mechanizm dziatania proceséw mechanochemicznych jest
jak dotad nieznany, zatem i w naszym przypadku mozemy jedynie spekulowa¢ co do zjawisk
zachodzacych podczas mielenia.

Rys. 29. (a) struktura C¢o(L-21a),, oraz (b) najkrétsze odlegtosci naniesione na powierzchnie fulerenu: kolor
czerwony oznacza odlegtos¢ ponizej sumy promieni van der Waalsa.

Kompleks Cgu=(L-21a), scharakteryzowatem metodami NMR i rentgenowskiej analizy
strukturalnej (pomiar wykonany na synchrotronie MaxLab I, struktura rozwigzana metodg Molecular
Replacement). Widmo *C NMR w CDCl; zawiera sygnat skompleksowanego fulerenu przesuniety
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w stosunku do wolnego fulerenu o ok. 2 ppm w strone wyzszych pdl. Obecnos¢ tylko jednego sygnatu
Swiadczy o réwnocennosci wszystkich atoméw wegla, co wskazuje na szybka rotacje czasteczki Cgo
wewnatrz kapsuty. Mimo tego, w krysztale, Cg jest usytuowany wewnatrz kapsuty w jednej pozycji
w catkowitym obsadzeniu (Rys. 29a). Nie zaobserwowatem w czgsteczce Cgy Zadnego nieporzadku,
ktory swiadczytby o wielu mozliwych utozeniach fulerenu. Jest to zaskakujace, biorgc pod uwage
wysoka symetrie czgsteczki Cg oraz brak mozliwosci tworzenia jakichkolwiek specyficznych
oddziatywan ze s$cianami kapsuty. Systematyczna analiza odlegtosci pomiedzy atomami goscia
i kapsuty wskazuje, ze pozostajg one powyzej sumy promieni van der Waalsa (Rys. 29b).

W przypadku C;q zastosowanie mechanochemii doprowadzito do powstania jedynie sladowej
ilosci kompleksu Cyoc(L-21a),, nawet po wydtuzeniu czasu mielenia do dwdch godzin. Mimo to,
kompleksowanie zaszto ilosciowo, kiedy synteze kapsuty przeprowadzilismy w obecnosci fulerenu,
analogicznie do opisanego wyzej eksperymentu z udziatem Cg. Widmo *C NMR kompleksu
Cyc(L-21a), pozwala zaobserwowa¢ zmiany przesunie¢ chemicznych i symetrii wywotane
kompleksowaniem. Wolny fuleren Cy, posiada w widmie *C pie¢ sygnatéw, co wynika z symetrii
czasteczki (grupa punktowa Ds;,) i Swiadczy o obecnosci pieciu nierdwnocennych grup atomow wegla
(Rys. 30a). W widmie kompleksu stwierdzilismy jednak siedem sygnatéw odpowiadajgcych
skompleksowanemu fulerenowi. W chiralnym srodowisku, jakim jest wnetrze kapsuty, dochodzi do
zrdznicowania przesunieé¢ chemicznych enancjotopowych atoméw (wegle oznaczone na Rys. 30b jako
ciforaz digw wolnym fulerenie sg od siebie zalezne poprzez ptaszczyzne symetrii). Zatem Cyq
przyjmuje nizszg symetrie zgodng z grupg punktowg Ds. Jest to pierwszy zaobserwowany
eksperymentalnie przypadek zmiany symetrii fulerenu pod wptywem chiralnego otoczenia.

Rys. 30. Symetria fulerenu Cyq: (a) wolny fuleren oraz (b) fuleren w chiralnym otoczeniu. Czerwong linig
zaznaczona zostata o$ pieciokrotna Cs.

Drogg powolnej dyfuzji metanolu do chloroformowego roztworu C,,c(L-21a), uzyskatem
monokrysztat kompleksu. Jakos¢ krysztatu pozwolita, mimo duzego rozmiaru czasteczek, na
wykonanie pomiaru krystalograficznego na dyfraktometrze (pomiar przeprowadzit dr Aleksander
Shkurenko z uzyciem dyfraktometru Agilent SuperNova). Strukture rozwigzatem metoda Molecular
Replacement z wykorzystaniem programu PHASER i udoktadnitem wykorzystujac ShelXH.
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Rys. 31. (a) Struktura kompleksu C;q—(L-21a),, oraz (b) natozenie struktur rac-(21a),., Cso=(L-21a),
i C;oc(L-21a),, odpowiednio niebieska, zielona i czerwona.

Fuleren C;,, podobnie jak Cgp, jest dobrze uporzadkowany w strukturze (zostat udoktadniony
z catkowitym obsadzeniem). Co ciekawe, 0$ symetrii fulerenu nie pokrywa sie z osig kapsuty (Rys.
31a), a jest od niej odchylona o okoto 29°. Poréwnanie struktur rac-(21a),, Cep=(L-21a), i C;o=(L-21a),
pokazuje, ze geometria kapsuty nie zmienia sie znaczaco podczas kompleksowania (Rys. 31b). Zatem
powodem takiego utozenia goscia sg najpewniej korzystne oddziatywania miedzyczasteczkowe.
Analiza odlegtosci miedzyatomowych wskazuje na to, ze najblizsze kontakty wystepujg pomiedzy
fulerenem, a ugrupowaniami acylohydrazonowymi, oraz metylenowymi atomami wodoru glicyny
(Rys. 32a). Warto zauwazy¢, ze (w przeciwienstwie do dotgd znanych komplekséw fulerenéw) duzo
mniejszg role w wigzaniu goscia petnig pierscienie aromatyczne rezorcynarenu. Aby to wyttumaczy¢
wykonaliSmy obliczenia ab initio DFT (B3LYP) potencjatu elektrostatycznego dla prostej czasteczki
acylohydrazonu. Wyniki pokazujg, ze istnieje tadunek ujemny rozciggajgcy sie od pierScienia
aromatycznego do podwdjnego wigzania C=N (Rys. 32b). Oddziatywanie tego bogatego w elektrony
fragmentu z czasteczka fulerenu wydaje sie by¢ korzystne i stabilizowa¢ kompleks.

(b) o

-25mm T 25
kcal/mol

Rys. 32. (a) Najkrétsze odlegtosci naniesione na powierzchnie C;q (kolor czerwony oznacza odlegtosc ponizej
sumy promieni van der Waalsa) oraz (b) mapa potencjatu elektrostatycznego obliczona dla czasteczki prostego
hydrazonu.
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Podsumowanie

W toku prowadzonych przeze mnie prac nad chiralnymi kapsutami molekularnymi
zrealizowatem w znacznej mierze postawione sobie cele badawcze:

o Wykonatem synteze , odwréconych” kapsut molekularnych (L-3b), i (L-3c), drogg reakcji
Mannicha pomiedzy rezorcyn[4]arenem, formaling i aminokwasami. Potwierdzitem ich
struktury metodami NMR (w tym 2D NMR i DOSY) oraz MS.

e Otrzymatem hybrydowg kapsute molekularng (L-3a)(D-3d) drogg templatowania reakcji
Mannicha za pomocg gotowe] kapsuty (L-3a),. Otrzymatem rowniez te kapsute, a takze
(L-3d)(D-3d) i (L-3e)(D-3d) w procesach czesciowo odwracalnych.

e Ustalitem strukture kapsuty (L-3b), w fazie statej z zastosowaniem algorytmu Molecular
Replacement zaimplementowanego w programie PHSAER i sprawdzitem mozliwosci tego
programu stosujac (L-3b), jako strukture testowg. Doszedtem do wniosku, ze do rozwigzania
struktury wystarczy model zawierajacy jedynie 25% (masowo) docelowej struktury.

e Przeprowadzitem synteze tetraformylorezorcyn[4]arenu 5, oraz jego reakcje z aminami
pierwszorzedowymi. Uzyskatem w ten sposéb serie nowych inherentnie chiralnych (cho¢
racemicznych) kawitandéw 7a-c. W przypadku chiralnych amin 6d i 6e stwierdzitem indukcje
asymetryczng (powstawanie jednego z diastereoizomeréow w przewadze) i dowiodiem
zdolnosci uktadu do samosortowania.

e Rozwigzatem i udoktadnitem struktury trzech kapsut molekularnych: (L-9a)(D-9a), (L-9b),, oraz
(L-9¢)(D-9c), powstajgcych w reakcjach tetraformylorezorcyn[4]arenu z krétkimi peptydami.

e Przeprowadzitem synteze kapsut acylohydrazonowych (20a),, (20d),, (21a), i (21d),, oraz
okreslitem struktury (D-20d), i rac-(21a), w fazie statej. W przypadku rac-(21a), pomiar
wykonatem na synchrotronie MaxLab Il (Lund, Szwecja), natomiast samg strukture
rozwigzatem metodg Molecular Replacement. Zaobserwowatem duzg zdolnos$é¢ kapsut do
chiralnego samosortowania.

e Stwierdzitem kompleksowanie fulerendw Cq, i C;o we wnetrzu kapsut acylohydrazonowych
(20d), i (21a),, droga syntezy kapsut w obecnosci goscia. Kompleksowanie potwierdzitem
metodami NMR i MS. Analiza NMR doprowadzita do zaobserwowania po raz pierwszy redukgji
symetrii fulerenu C;o w chiralnym S$rodowisku. Rozwigzatem i udoktadnitem struktury
komplekséw Cgo=(L-21a), i C;o(L-21a), w fazie statej. Pomiar krystalograficzny kompleksu Cgq
wykonatem na synchrotronie MaxLab II.

e Zaobserwowatem mechanochemiczne tworzenie kompleksu Cgo w kapsule (L-21a), drogg
mielenia kapsuty i fulerenu w mtynie kulowo-planetarnym (przy czym proste kompleksowanie
w roztworze nie zachodzi).

42

http://rcin.org.pl



BIBLIOGRAFIA

1. "Isostructural M,L, Molecular Capsules with Anthracene Shells: Synthesis, Crystal Structures, and
Fluorescent Properties" Z. Li, N. Kishi, K. Yoza, M. Akita, M. Yoshizawa.. Chem. Eur. J., 2012; 18,
8358-8365.

2. "White Phosphorus is Air-Stable within a Self-Assembled Tetrahedral Capsule" P. Mal, B. Breiner,
K. Rissanen, J. R. Nitschke, Science, 2009, 324, 1697-1698.

3. "Selectivity in an Encapsulated Cycloaddition Reaction" J. Chen, J. Rebek Jr., Org. Lett., 2002, 3,
327-329.

4. "Self-Assembled Molecular Capsule Catalyzes a Diels—Alder Reaction" J. Kang, J. Santamaria,
G. Hilmersson, J. Rebek Jr., . Am. Chem. Soc., 1998, 120, 7389-7390.

5. "Acid Catalysis in Basic Solution: A Supramolecular Host Promotes Orthoformate Hydrolysis"
M. D. Pluth, R. G. Bergman, K. N. Raymond, Science, 2007, 316, 85-88.

6. "Diels-Alder in Aqueous Molecular Hosts: Unusual Regioselectivity and Efficient Catalysis"
M. Yoshizawa, M. Tamura, M. Fujita, Science, 2006, 312, 251-254.

7. "Controlling Photoreactions with Restricted Spaces and Weak Intermolecular Forces: Exquisite
Selectivity during Oxidation of Olefins by Singlet Oxygen" A. Natarajan, L. S. Kaanumalle, S. Jockusch,
C. L. D. Gibb, B. C. Gibb, N. J. Turro, V. Ramamurthy, J. Am. Chem. Soc., 2007, 129, 4132-4133.

8. "Constrictive Binding of Large Guests by a Hemicarcerand Containing Four Portals" M. L. C. Quan,
D. J. Cram, J. Am. Chem. Soc., 1991, 113, 2754-2755.

9. "Connection of Metallamacrocycles via Dynamic Covalent Chemistry: A Versatile Method for the
Synthesis of Molecular Cages" A. Granzhan, C. Schouwey, T. Riis-Johannessen, R. Scopelliti,
K. Severin, J. Am. Chem. Soc., 2011, 133, 7106-7115.

10. "Large Self-Assembled Chiral Organic Cages: Synthesis, Structure, and Shape Persistence"
K. E. Jelfs, X. Wu, M. Schmidtmann, J. T. A. Jones, J. E. Warren, D. J. Adams, A. |. Cooper, Angew.
Chem. Int. Ed., 2011, 50, 10653-10656.

43

http://rcin.org.pl



11. "Exo-Functionalized Shape-Persistent [2+3] Cage Compounds: Influence of Molecular Rigidity on
Formation and Permanent Porosity" M. W. Schneider, |. M. Oppel, M. Mastalerz, Chem. Eur. J., 2012,
18, 4156-4160.

12. "Molecular Marriage through Partner Preferences in Covalent Cage Formation and Cage-to-Cage
Transformation" K. Acharyya, S. Mukherjee, P. S. Mukherjee, J. Am. Chem. Soc., 2013, 135, 554-557.

13. "A Highly C;o Selective Shape-Persistent Rectangular Prism Constructed through One-Step Alkyne
Metathesis" C. Zhang, Q. Wang, H. Long, W. Zhang, J. Am. Chem. Soc., 2011, 133, 20995-21001.

14. "Amine-Triggered Molecular Capsules using Dynamic Boronate Esterification" K. Kataoka,
S. Okuyama, T. Minami, T. D. James, Y. Kubo, Chem. Commun., 2009, 13, 1682-1684.

15. "Self-Assembly of a Cavitand-Based Capsule by Dynamic Boronic Ester Formation" N. Nishimura,
K. Kobayashi, Angew. Chem. Int. Ed.,2008, 47, 6255-6258.

16. "A Permanent Mesoporous Organic Cage with an Exceptionally High Surface Area" G. Zhang,
O. Presly, F. White, I. M. Oppel, M. Mastalerz, Angew. Chem. Int. Ed., 2014, 53, 1516-1520.

17. "Self-Assembly of Ten Molecules into Nanometre-Sized Organic Host Frameworks" M. Fujita,
D. Oguro, M. Miyazawa, H. Oka, K. Yamaguchi, K. Ogura, Nature, 1995, 378, 469-471.

18. "Design, Formation and Properties of Tetrahedral ML, and Myls Supramolecular Clusters"
D. L. Caulder, C. Briickner, R. E. Powers, S. Konig, T. N. Parac, J. A. Leary, K. N. Raymond, J. Am Chem.
Soc., 2001, 123, 8923-8938.

19. "Pairwise Selection of Guests in a Cylindrical Molecular Capsule of Nanometre Dimensions"
T. Heinz, D. M. Rudkevich, J. Rebek, Jr., Nature, 1998, 394, 764-766.

20. "A Chiral Spherical Molecular Assembly held together by 60 Hydrogen Bonds" L. R. MacGillivray,
J. L. Atwood, Nature, 1997, 389, 469-472.

21. "Self-Assembly of 2,8,14,20-Tetraisobutyl-5,11,17,23-tetrahydroxyresorc[4]arene"
T. Gerkensmeier, W. Iwanek, C. Agena, R. Frohlich, S. Kotila, C. Nather, J. Mattay, Eur. J. Org. Chem.,
1999, 9, 2257-2262.

22 "Well-Defined, Organic Nanoenvironments in Water: The Hydrophobic Effect Drives a Capsular
Assembly" C. L. D. Gibb, B. C. Gibb, J. Am. Chem. Soc., 2004, 126, 11408-11409.

23. "A Self-Assembled Chiral Capsule with Polar Interior" B. Kuberski, A. Szumna, Chem. Commun.,
2009, 1959-1961.

24. "Water Co-Encapsulation in an Inverted Molecular Capsule" A. Szumna, Chem. Commun., 2009,
4191-4193.

25. "Chiral Encapsulation by Directional Interactions" A. Szumna, Chem. Eur. J., 2009, 15,
12381-12388.

44

http://rcin.org.pl



26. "Selective Derivatisation of Resorcarenes. Part 5. Acylation of Tetrabenzoxazine Derivatives"
C. Schmidt, E. F. Paulus, V. Bohmer, W. Vogt, New J. Chem., 2000, 24, 123-125.

27. "Giant Regular Polyhedra from Calixarene Carboxylates and Uranyl" S. Pasquale, S. Sattin,
E. C. Escudero-Adan, M. Martinez-Belmonte, J. de Mendoza, Nat. Commun., 2012, 3, 785.

28. "Cyclochiral Conformers of Resorcin[4]arenes Stabilized by Hydrogen Bonds" A. Szumna, Org.
Biomol. Chem., 2007, 5, 1358.

29. "Crystal Structure Change for the Thermochromy of N-Salicylideneanilines. The First Observation
by X-ray Diffraction" K. Ogawa, Y. Kasahara, Y. Ohtani, J. Harada, J. Am. Chem. Soc., 1998, 120,
7107-7108.

30. "Highly Stable Keto-Enamine Salicylideneanilines" J. H. Chong, M. Sauer, B. O. Patrick,
M. J. Maclachlan, Org. Lett., 2003, 5, 3823-3826.

31. "The N and "3C Solid State NMR Study of Intramolecular Hydrogen Bond in some Schiff's Bases"
B. Kamienski, W. Schilf, T. Dziembowska, Z. Rozwadowski, A. Szady-Chetmieniecka, Solid State NMR,
2000, 16, 285-289.

32. "Influence of Bond Fixation in Benzo-Annulated N-Salicylideneanilines and Their ortho-C(=0)X
Derivatives (X = CHs;, NH,, OCH;) on Tautomeric Equilibria in Solution" R. Gawinecki, A. Kuczek,
E. Kolehmainen, B. Osmiatowski, T. M. Krygowski, R. Kauppinen, J. Org. Chem., 2007, 72, 5598-5607.

33. "Evolution of Dynamic Combinatorial Chemistry" F. B. L. Cougnon, J. K. M. Sanders, Acc. Chem.
Res., 2012, 45,12, 2211-2221.

34. "Dynamic Combinatorial Libraries of Pseudo-Peptide Hydrazone Macrocycles" G. R. L. Cousins,
S. A. Poulsen, J. K. M. Sanders, Chem. Commun., 1999, 1575-1576.

45

http://rcin.org.pl



46

http://rcin.org.pl



PRZEDRUKI PUBLIKACJI WCHODZACYCH W SKtAD ROZPRAWY

47

http://rcin.org.pl



Chiral Calixarenes
M Wierzbicki, H Jedrzejewska, and A Szumna, Polish Academy of Sciences, Warsaw, Poland

© 2014 Elsevier Inc. All rights reserved.

Introduction 1
Attachment of a Chiral Auxiliary/ies to a Calixarene Scaffold 1
Amino Acid Derivatives and Peptides 2
Carbohydrates 6
Amines and Derivatives 9
Axially Chiral Groups 11
Modifications of the Bridges 11
Inherently Chiral Calixarenes 11
Asymmetric or Dissymmetric Substitution Pattern at Different Phenolic Rings 14
Differentiation of the Edges of Aromatic Rings 15
Directional Bridging of the Rings 17
Formation of Chiral Metal Complexes of Calixarenes 18
Formation of Chiral Structures in a Non-Covalent Way 18
Conclusions and Outlook 21
References 22
Introduction

From the beginning of calixarene chemistry, researchers were fascinated by the unique properties of calix bowls that give rise to
interesting host-guest interactions. For many years, recognition properties of calixarenes were the predominant area of research in
this field. The main driving force for the development of chiral calixarenes was the possibility of using them as enantioselective
synthetic receptors. A good way to obtain a molecular receptor consists of mimicking the structural features of biological systems by
surrounding a guest molecule with a well-organized binding site. In this regard, calixarenes (meta-substituted cyclophanes) having
awell-defined, modifiable hydrophobic cavity appear to be ideal platforms for the elaboration of artificial receptors. Effective chiral
receptors based on calixarenes have found applications in recognition of chiral guests in solution, as chromatography stationary
phases, "> enantioselective membrane carriers,”* and as catalysts.” Chiral calixarenes can also contribute to a better understanding
of biological systems since chiral recognition is an integral element in the regulation of life functions. With the development of
strategies for efficient synthesis and selective modification of calixarenes, calixarenes have also started to be perceived as convenient
chiral building blocks for the construction of more elaborate systems, not necessarily exploiting their host-guest properties. Their
potential has also been demonstrated in interactions with biological molecules,”” including protein recognition,®” formation of
gels,'® and antimicrobial activity.''

Nowadays, there are many known chiral calixarenes. Due to their diverse conformational features, introduction of chirality is
not limited only to classical chirality based on carbon stereogenic centers. Chiral calixarenes (including resorcinarenes and
homocalixarenes) and chiral structures based on calixarenes have been obtained by using various strategies:

Attachment of a chiral auxiliary/ies to a calixarene scaffold.

Asymmetric/dissymmetric substitution pattern at the calixarene scaffold (inherent chirality).
Formation of chiral metal complexes of calixarenes.

Formation of chiral structures in a non-covalent way.

Ll e

Attachment of a Chiral Auxiliary/ies to a Calixarene Scaffold

This is the first, the most straightforward and still the most popular way to construct chiral calixarenes. The earliest example of
chiral calixarene was reported by Gutsche in 1979 involving the monosubstitution of p-tBu-calix[8]arene with camphorosulfonyl
group.'? Nowadays, due to the vast development of synthetic strategies for selective modifications of calixarenes, attachment of
virtually any chiral moiety at the selected position is synthetically feasible. The most popular chiral groups that were attached to
calixarenes involve:

amino acid derivatives and peptides,
carbohydrates,

chiral amines,

axially chiral groups, and
modifications of the bridges.
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2 Chiral Calixarenes

Amino Acid Derivatives and Peptides

Amino acids and peptides are by far the most popular chiral modifiers for the functionalization of calixarenes. The utilization of
amino acids and peptides has many advantages: they are natural and versatile sources of chirality and their derivatives are easily
available. Additionally, amino acids are rich sources of non-covalent interactions (both in their backbones and side chains) that
can assist in the recognition processes. Therefore, it is no wonder that there are many examples of amino acid and peptide
substituted calixarenes and resorcinarenes. On the other hand, such hosts have also proven to be the most difficult to design. The
disadvantage of using amino acid derivatives is their conformational flexibility and tendency to form self-complementary
non-covalent interactions. Such interactions, when formed intramolecularly, engage potential binding sites precluding effective
guest complexation. If the amino acid groups are not engaged in intramolecular interaction they can still be involved in
intermolecular interactions. It often causes aggregation that considerably reduces solubility. However, aggregation is not always
an undesirable process. When properly designed, it leads to the formation of well-defined molecular capsules that exhibit
interesting encapsulation properties.

Many peptide and amino acid substituted calixarenes were synthesized and used for chiral recognition in the group of Ungaro
(for review see Casnati et al."*). The direct connection of an amino acid or a peptide to a calixarene scaffold at the upper rim
requires the presence of an acid or an amino functionality in calixarene. In the group of Ungaro, di- or tetracarboxylic acids have
been used to connect peptides through the N-terminus (Figure 1).'* The disubstituted products (hydrazides of receptors 1 and 2)
exhibited moderate binding properties toward short peptides lauric acid and its derivatives, and ammonium salts (receptor 4a).
To connect peptides using the C-terminus, di- and tetraminocalixarenes were applied (Figure 2).'” As opposed to the derivatives
substituted at the N-terminus, the C-peptidocalixarenes display a pronounced tendency to aggregate and form intramolecular
hydrogen bonds. It has a profound effect on recognition properties. For example, for the interaction of host 8a with carboxylate
anions a higher K, was observed in DMSO (more polar solvent) than in CDCl; (less polar solvent) albeit both are very low. It was
attributed to the formation of intramolecular hydrogen bonds in a less polar solvent (CDCls) that induced a closed conformation

Q —0
o:S‘ \\,o / B
TR o O
(o]

NH HN/ a0y
1 2 ©
4a: R = OCHj3
3 4b: R = NHNH,
4¢: R=0H

Figure 1 Examples of peptidocalixarenes — peptides connected through the N-terminus at the upper rim.
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Chiral Galixarenes 3

R /=0
RW
HN
NH

5a: R" = CH3, R = NHCOCH(CH3)NH, 6a: R' = CH;, R? = CH,4
5b: R" = Bn, R = NHCOCH(Bn)NH, R = NHCOCH(CH3)NHCOCH,4
8a:R'=CHs, R=H 6b: R"=Bn, R? = CHj,4
8b:R'"=Bn,R=H R = NHCOCH(Bn)NHCOCHj4

7a: R' = CHg, R? = Ph,
R=NHCOCH(CH3)NHCOPh
7b: R' =Bn, R? = Ph
R = NHCOCH(Bn)NHCOPh
9a: R"=CH;, R?=CH3, R=H
9b: R'"=Bn,R?=CH;,R=H

Figure 2 Examples of peptidocalixarenes — peptides connected through the C-terminus at the upper rim.

with engaged binding sites that consequently hampered guest complexation. This example illustrates the disadvantages of using
peptides as chiral modifiers for construction of calixarene hosts due to their high tendency to participate in self-complementary
interactions.

Interestingly, the aggregation properties can be rationally used for construction of dimeric assemblies. Calix|[4]arenes with two
different peptides mounted on the same scaffold using respectively N-terminus and C-terminus, 10-19, are able to form hydrogen-
bonded dimeric capsules owing to complementarity between the interacting peptide chains (Figure 3)."° In some cases (15-17), an
antiparallel B-sheet structure enhances the stability of the capsule (Figure 3(b), Kgim=70-950 M~ in CDCl5).

Peptidocalix[4]arenes substituted at the lower rim do not take advantage of the unique inclusion properties of the calixarene
hydrophobic cavity and therefore binding sites are limited to those introduced with substituents. Attachment of peptides at the
lower rim requires using a linker that connects a phenolic group with a peptide group. Most linkers are flexible aliphatic chains that
introduce high conformational mobility. As a consequence, it is more difficult to avoid adverse intramolecular non-covalent
interactions. In fact, all derivatives (20, 21) exhibit intramolecular hydrogen bonding (Figure 4).'” Therefore, 20 and 21 display
only weak complexing properties toward anions of N-acetylated amino acids. The K, values were higher in acetone (more polar
solvent) than in CDClIj; (less polar solvent). Again it was explained by breaking of the intramolecular hydrogen bonding system in
acetone. Even though the complexing properties were not high, the host was able to recognize enantiomers of selected N-acetylated
amino acids (max. K,(p)/K,(L) =4.1 for 21b).

Resorcin[4]arenes, the resorcinol analogs of calix[4]arenes (also called calix[4]resorcinols), were also modified with amino
acids or peptides by

® O-substitution (at the upper rim),
e attachment at the central ortho position (at the upper rim), and
e modification of the lower rim (in the case of resorcinarenes lower rim modifications are introduced at the bridges).

Resorcinarenes O-substituted with amino acid amides were used as a chiral stationary phase (CSP) in capillary gas chromatogra-
phy.'® By exhaustive O-alkylation using N-bromoacetyl-i-valine-tert-butyl-amide and subsequent chemical bonding to a
poly(hydro)dimethylsiloxane, a new CSP was obtained (Chirasil Calix).

Different applications of peptido-resorcinarenes were envisioned by Sherman and coworkers. They used resorcin[4]arenes as
rigid organic scaffolds to organize peptide helical bundles and B-sheets (Figure 5). The researchers aimed at synthesizing a new
family of de novo proteins called caviteins (from the combination of cavitand -+ protein)'’ via modifications at the central ortho
positions with a sulfur-containing linker. A family of caviteins containing peptides of various lengths (from a single up to 16 amino
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4 Chiral Calixarenes

10: R = L-AlaNHCbz, R' = L-AlaOMe

11: R = L-AlaNHCbz, R' = D-AlaOMe

12: R = L-AlaNHCbz, R' = L-PheOMe

13: R = (dl)-LeuNHAc, R' = GlyOMe

14: R = L-Ala-L-AlaNHCbz, R' = L-AlaOMe

15: R = L-Ala-L-AlaNHCbz, R' = L-Ala-L-AlaOMe

16: R = L-Ala-L-AlaNHCbz, R' = L-Val-L-PheOMe

17: R = L-Ala-L-Ala-L-AlaNHCbz, R' = L-Ala-L-Ala-L-AlaOMe
18: R = C(O)Et, R'= NH-nBu

19: R = L-AlaNHCbz, R' = NH-nBu

(b)

Figure 3 Examples of peptidocalixarenes — (a) peptides connected through peptides’ N-terminus and C-terminus at the upper rim and
(b) the suggested structure of a dimeric assembly for peptidocalixarene 15.

Figure 4 Peptidocalixarenes — (a) peptides connected at the lower rim and (b) their lowest energy conformations for 21b and 20b. Reprinted from
Yakovenko, A. V.; Boyko, V. |; Kalchenko, V. I.; Baldini, L.; Casnati, A.; Sansone, F.; Ungaro, R. J. Org. Chem. 2007, 72, 3223-3231, with permission.
Copyright 2009 American Chemical Society.
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(a)
SH sH SHSH

Cavitein

Figure 5 (a) Design of cavitein — helical bundles of proteins above the cavitand; (b) top view of the x-ray structure of cavitein with helices
containing 16 amino acid residues; (c) side view showing position of a helix in respect to the cavitand (the remaining three of the helices were
removed for clarity). Reprinted from Freeman, J. 0.; Lee, W. C.; Murphy, M. E. P.; Sherman, J. C. J. Am. Chem. Soc. 2009, 131, 7421-7429,
with permission. Copyright 2009 American Chemical Society.

acid residues) was studied. An X-ray structure of a cavitein containing 16 amino acid residues at each arm shows the peptides
wrapping downward around the cavitand bowl (Figure 5(b)).?° This is in contrary to the expectation that the peptides would
bundle above the template as depicted in Figure 5(a).

The ortho position of resorcin[4]arene can also be modified using an aminomethyl linker. The strategy was realized in two
different ways resulting in an amino acid connected either at the C- or N-terminus. Attachment through the N-terminus was
achieved using the Mannich reaction. Hydrophobic amino acids connected using the Mannich reaction to the resorcin[4|arene
scaffold (e.g., alanine or phenylalanine) form a self-complementary system of ionic hydrogen bonds.”' Therefore, the product
dimerizes quantitatively in the reaction mixture and is isolated as capsules (1-22a), (Figure 6). The capsules have two unique
features: they are chiral and have polar interiors, which makes them very efficient in chiral recognition of small polar mole-
cules.””?* For example, they are able to extract and encapsulate highly hydrophilic tartaric acid molecules from water into the
organic phase. The product of the Mannich reaction between proline and resorcinarene, on the contrary to other amino acids
derivatives, does not form capsular dimers due to the lack of complementary hydrogen binding system (proline is a secondary
amine). However, proline cavitands”* and variously substituted hydroxyproline cavitands®> were used to obtain water soluble
resorcin|[4]arenes, for example 23, that are able to resolve NMR signals of chiral substrates with pyridyl, phenyl, and bicyclic
aromatic rings.

Connection of an amino acid or a peptide through the C-terminus using an aminomethyl linker requires the synthesis of
aminomethylated cavitand 24 as a precursor (Figure 7). Then, various amino acids or peptides were connected using classical
peptide chemistry.”® Such derivatives proved to be promising for the encapsulation of small guest molecules. Derivatives 25g-1
form kinetically stable (on the NMR timescale) complexes with an acetonitrile molecule. This indicates that the dipeptide cavitands
are somehow closed at the upper part that restricts guest’s release. The authors suggest a hydrogen-bonded extended cavity structure
that is strongly supported by nuclear overhauser effect (NOE) experiment and molecular modeling (Figure 8).

Resorcinarenes functionalized at their lower rims by amino acid derivatives were studied for their enantioselective guest binding
in solution®” and in the gas phase (Figure 9).?*?° Octamethyl resorcin[4]arene tetrafunctionalized at the lower rim with valyl-
leucine and leucyl-valine methyl esters (26 and 27, respectively) is capable of recognizing some dipeptides as guests, both in
solution and in the gas phase. Association constants of 2030 and 186 M~' (CDCls) were found for the interaction of 1,1-26 with
1,1-28 and p,D-28 respectively, indicating a substantial chiral recognition (one order of magnitude).

A unique example of a chiral amino acid calix[4]arene is aminophosphonic acid derivative 29 (Figure 10). Its synthesis using
Pudovik-type addition was reported recently by the group of Kalchenko.>® The synthesis of 29 is a very rare example that utilizes
diastereoselective pathways to achieve chiral calixarenes. In most cases, chiral groups are simply attached to the macrocyclic ring.
Here, the stereogenic centers were introduced on an imine-calixarene scaffold using a chiral auxiliary strategy.
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SO3Na
a:R=Bn
(L-22a-b), b:R=Me L-23
Figure 6 Resorcinarenes with attached amino acids groups.
a: R = Gly-NH,
b: R = Val-NH,
c: R = Leu-NH,
d: R = Phe-NH,
e: R = Gly-NH-Cbz
f: R = Val-NH-Cbz

g: R = Gly-Gly-NH-Cbz

h: R = Gly-Val-NH-Cbz

it R = Gly-Leu-NH-Cbz

j: R = Gly-Phe-NH-Cbz

k: R = Gly-Lys(Boc)-NH-Cbz
I: R = Gly-Pro-NH-Cbz

m: R = Gly-Val-Val-NH-Cbz

n: R = Gly-Val-Met-NH-Cbz

o: R = -Ala-Val-NH-Cbz

p: R = B-Ala-Leu-NH-Cbz

24 25a-p

Figure 7 Resorcinarenes with peptide and amino acid groups connected via the C-terminus at the upper rim.

Carbohydrates

Carbohydrates are natural sources of chirality and also offer rich non-covalent interactions. In biological systems the molecular
recognition involving carbohydrates mediates a variety of processes, including recruitment of leucocytes to inflammatory sites,
clearance of glycoproteins from the circulatory system, cell interactions in the immune system, as well as adhesion of bacteria or
viruses to host cells. It has been shown that multivalency is especially important for carbohydrate-receptor interactions. The
glycoside cluster effect, a special case of multivalency involving carbohydrates, is a powerful tool exploited by nature to make
relatively weak interactions stronger and more specific. Currently, it is well established that multivalency characterizes many
important biological processes based on lectin-oligosaccharide interactions.
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Figure 8 Suggested molecular structure of cavitand 25h with complexed acetonitrile molecule based on NOE and molecular modeling. Courtesy of
M. Feigel.

o) 0
A (b)
- QI\N T~ oMe 26
H g (L,L- or D,D-) CF,COO"
o}
MeO ¥ « NH3"
e m 3
o] y o) 27 5
R= %L < N, (L.L- or D,D-)
N OMe
0 28

Figure 9 (a) Resorcinarene receptors modified at the lower rim and (b) the structure of the guest dipeptide.

O=p
7\
HO OH

Figure 10 Chiral aminophosphonic acid derivative of calix[4]arene.

Calixarenes, as multiple-site macrocycles, are ideal scaffolds for the construction of multivalent glycosylated ligands. The class of
calixarenes bearing at least one carbohydrate unit appended to their structure have been named as glycocalixarenes. Currently there
are many examples of glycocalixarenes starting from relatively simple calixarenes and resorcinarenes modified by mono- or
polysaccharides at the upper or lower rim (Figure 11) up to dendrimer-type of structures (Figure 12; for review see refs.’'*?).
Although glycocalixarenes are intrinsically chiral, they have rarely been studied for typical chiral recognition. A vast majority of
them was tested for interactions with biological targets which, as a rule, also involve chiral interactions. Most of the biological
properties reported for glycocalixarenes are related to their binding abilities to lectins (carbohydrate-binding proteins). As was
sought, in many cases affinity of glycocalixarenes for lectin is significantly increased compared to the monovalent saccharides used
as models. Selective interactions with specific lectins, for example, Pseudomonas aeruginosa Lectin A with 30 may lead to inhibition
of infectious bacterium cell growth.?* In combination with protein binding, glycocalixarenes can carry out other tasks, potentially
useful in medicine, mainly drug delivery (Figure 13). Examples include the saccharide-selective delivery of fluorescent calcein to
liver cells by 36a,’* bisphosphonates delivery by 32c (relevant in osteoporosis and Paget’s disease),”” or anticancer vaccine
candidate.’® The multivalency of glycocalixarenes can be further increased by their tendency to aggregate due to the simultaneous
presence of hydrophilic saccharide units close to the highly hydrophobic calixarene scaffold. When properly loaded with cargo
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OH OH

OH
/Z;\O’ ' OH OH
5 HO,
OH OH
HO

Figure 11 Examples of various glycocalixarenes.

these aggregates can be exploited as site-specific drug delivery systems, because they are able to interact with lectins’” or for targeted
gene delivery since they can form clusters around the plasmid DNA (glycoresorcinarenes 36b, Figure 14).%°

There are only few examples of selective recognition studies of small-molecule guests using glycocalixarenes. An open-chain form
of glycocalixarene 37 was studied for complexation of sugar derivatives: 1-O-octyl-a-p-glucopyranoside (38a, K,=650 mol~! dm?),
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OH OH
OH OH
OH AcHN OHACHN OH OH
OH o £ 0o ACH%
OH
OH OthcHn7 o O\\\ \\\ © og
oH Y NH NH

OH-OHACHN 7,0 © Ho AcHN OH
oH %, \\\NH Q o) NH 02 /%//%OH

o NN 0 y 9

HO

Figure 13  Strategies for drug delivery using glycocalixarene vectors: (a) noncovalent encapsulation in the cavity; (b) covalent attachment; and
(c) noncovalent enacapsulation in a self-assembled cluster.

1-O-octyl-B-p-glucopyranoside (38b, K,=1050 mol~' dm?), and 1-S-octyl-B-p-thioglucopyranoside (38c, K,=1000 mol~' dm?) in
CDCl; (Figure 15).>” The complexation constants toward O- or S-B-glycosides were almost identical thus reﬂectlng the high similarity
of both structures. The configuration on C1 was not particularly important for the complexation as proved by the quite similar
complexation constant for the o-anomeric structure.

Amines and Derivatives

Chiral amines have many applications as ligands in asymmetric synthesis, as valuable substances for resolving racemic compounds,
and as drug candidates. Among chiral amines, there are many natural products, for example, those originating from the alkaloid
family. Due to their widespread application the number of various amine derivatives is large and their chemistry is quite well known.

Chiral amines and their derivatives (mostly amides) are often used as calixarene modifiers with the main destination of the
products as resolving agents for acidic species (Figure 16). For example, calixarenes 39a and 39b, bearing optically pure amino
alcohol groups at their lower rims, exhibit efficient chiral recognition ability toward a-hydroxyacids (K.(S)/Kai(R)) up to 28 for
39a."” Even higher values for chiral recognition of mandelic acid were obtained for a similar calixarene bridged at the lower rim
with chiral amino alcohol (K,(S)/K.(R)=102)."" Another chiral amine modified calixarene, cinchona alkaloid derivative 40, was
used as a chiral phase-transfer catalyst in alkylation of glycine derivatives with benzyl bromide with moderate efficiency (up to
57% ee).*?
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HO OH
OH O

O OH
R = (CH3)1oCH3

Figure 14 An example of glycoresorcinarene used for targeted gene delivery

38b: X=0
OH 38c: X=9S
Figure 15 Structure of the receptor 37 and guest molecules
R R

7
§ ¢
vy

NH
HO Ph Ph \1-"/
l »A R

R

HO 41a: R = C(CH3)2(CH2)13CH3
39a: R = Ph 41b: R = C(CH3),(CH,)gCH;
39b:R=H 40 41c: R = C(CH3),(CH;)sCH3

Figure 16 Examples of calixarenes modified with chiral amines
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solution

solution

Figure 17 Formation of heat-set gels for salts of 41a with: L-tartaric acid (a) and p-tartaric acid (b).

Chiral interactions between amine and acid components can be transformed into macroscopic properties that lead to
interesting material properties, for example, chirality-dependent formation of heat-set gels.'” Lower rim substituted chiral amine
41a was equipped with long alkyl group and treated with - or p-tartaric acid. Upon interaction with L- or p-tartaric acid the chiral
amine can self-assemble into nanofibers (macroscopic gel formation). However, the fibrous assemblies of 41a-p-tartaric acid are
less stable due to the unmatched interaction between the chiral centers. To minimize unfavorable interactions they form nano-
vesicles. The macroscopic result of this phenomenon was the difference in the sol-gel behavior of the two diastereomeric salts
(Figure 17). 41a-1-tartaric acid salt was a gel at 20 °C (293 K) while 41a-p-tartaric acid salt was a clear solution at the same
temperature. Upon heating to 60 °C (323 K) 41a-1-tartaric acid became a liquid while 41a-p-tartaric acid became a gel. This unusual
heat-set behavior of 41a-p-tartaric acid system was explained by lowering unfavorable interactions as the temperature increases that
allowed for formation of the nanofibers.

Substitution of higher calix[n]arenes (n >4) at their lower rims may lead to the formation of complexes that can simultaneously
use the introduced binding sites and the cavity for complexation. For example, calix|6]arenes were bridged at their lower rims with
chiral cyclic and acyclic amine linkages (Figure 18)."> Complexation of small neutral guest molecules inside the cavity was
confirmed by NMR. Complexation of chiral guests leads to the formation of diastereomeric endo-complexes at 2:1 ratio for
(&£)-4-methylimidazolidin-2-one and 6:4 ratio for (+)-propane-1,2-diol.**

Axially Chiral Groups

Many axially chiral compounds are ‘privileged chiral ligands.’ This means that it is highly probable that their application will lead
to high enantioselectivity and/or activity of the resulting chiral catalysts. It is no wonder that many efforts have been made in order
to attach axially chiral substituents to the calixarene scaffold (Figure 19). Chiral binapthol (BINOL) groups were attached either to
upper or lower rims.*>*® Most of the obtained derivatives were further transformed into their metal complexes and tested as
asymmetric catalysts (see metal complexes part). However, receptor 47 was used for recognition of N-Boc-1- or p-glutamate.”” The
fluorescent receptor exhibits good enantioselective recognition for the enantiomers of N-Boc-glutamate (K,(1)/K,(p) =4.65).

Modifications of the Bridges

Substitution of the bridges of calixarenes is least popular among modifications that lead to chiral structures due to synthetic
difficulties. In most cases, the methylene bridges of calixarenes are considered chemically inert. However, in some cases the
modifications can be introduced prior to the cyclization step, as in 48 (Figure 20)."®*° Another possibility involves using thiacalix-
arenes. Oxidation of the adjacent sulfide functional groups in an anti relationship leads to inherently chiral structure 49.°° It should be
noted that the chirality in this case originates from stereogenic centers at the sulfur atoms.

Inherently Chiral Calixarenes

The unique feature of calixarenes is their concave structure that clearly distinguishes the faces of the object. If the concave structure
cannot invert, the asymmetric/dissymmetric substitution pattern leads to the formation of chiral structures (Figure 21). This type of
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Guests:

Guests:

EtOH, DMSO, EtCONH, MeCN, DMF, DMSO, MeSO,NH,

HO OH

o o o o
HNJ\NH HNJ\NH HO OH CI\)LNHZ RJ\NHz \

Figure 18 Calix[6]arenes modified with chiral amines.

chirality is known as an inherent chirality. Calix|4]arenes were the first scaffolds for which the term ‘inherent chirality’ was
applied.”" Although during the next decades many other molecular platforms have been applied for the construction of inherently
chiral structures,”” calixarenes still dominate the field - for review see refs.”” >’

The first, general definition of inherent chirality was formulated in 2004 by the group of Mandolini and Schiaffino’® and later
slightly modified by Szumna et al.”” to be consistent with stereochemical formalism. The definition reads: ‘inherent chirality arises
from the introduction of a curvature in an ideal planar structure that is devoid of perpendicular symmetry planes in its bidimen-
sional representation.””” Therefore, the resulting 3D molecules have C, symmetry. The stereochemical nomenclature of inherently
chiral compounds is not always consistent, since the priority rules and reference points cannot be set consistently for all types of
compounds. Whenever possible, the accepted description of the inherent chirality involves application of (P)/(M) notation
(Figure 22). Conventionally, for calix[n]arenes, the bridging carbons are labeled as a, b, ¢, and d by taking into account the
priority of the two neighboring aromatic substituents according to Cahn-Ingold-Prelog rules. Next, the observer is situated on the
concave side of the surface and a clockwise priority of the sequence of groups is defined to have P chirality while counterclockwise
priority is defined as M chirality (Figure 22a). In the case of resorcinarenes the sequence of the groups that are attached to the
phenolic groups is determined (Figure 22(b)). For the priority determination of hydrogen-bonded assemblies, the hydrogen bond
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Figure 19 Examples of calixarenes with axially chiral groups.

Figure 20 Examples of chiral calixarenes by modifications of the bridges.

a) ‘ 7

2D object 3D object

b)

2D object 3D object

Figure 21 Inherent chirality upon transformation from 2D to 3D space: (a) for an object devoid of symmetry and (b) for an object with fourfold axis
perpendicular to the 2D plane. Permission from The Royal Society of Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique
(CNRS) and the RSC.
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14 Chiral Calixarenes

is treated as a regular bond (Figure 22(c)). It should be noted that this system is not always applicable to all currently known
inherently chiral compounds and in many cases the best stereochemical representation is only a 3D figure.

Calix[4]arene with four OH groups in the lower rim undergoes through annulus inversion and therefore cannot be inherently
chiral. The substitution of OH groups with an alkyl chain of at least n-Pr sized blocks the inversion and the resulting macroring can
be fixed in one of the four conformations (cone, partial cone, 1,2-alternate, and 1,3-alternate). Each of these conformations can
produce inherently chiral structures with proper substitution. Inherent chirality is observed for compounds containing at least three
different subunits, that is, ABCC or ABCD patterns. From the synthetic point of view, access to inherently chiral calixarenes is
usually not as straightforward as that of calixarenes with stereogenic centers. This is due to problems with regioselectivity, control
over conformation, and optical resolution (inherent chirality cannot be introduced in a stereospecific way).

Inherent chirality can be introduced to calixarenes by subunit differentiation (asymmetric or dissymmetric) using

1. substitution pattern at different phenolic rings (positioned either at the lower or upper rim or a combination of both),
2. differentiation of the edges of aromatic rings, and
3. directional bridging of the rings.

Asymmetric or Dissymmetric Substitution Pattern at Different Phenolic Rings

The synthetically simplest route to obtain inherently chiral calixarenes is to introduce two different substituents at the neighboring
hydroxyl groups at the lower rim in order to create an ABCC pattern. Such a modification can be made using the basic calixarene
skeleton. For example, in the group of Kalchenko an ABCC pattern was obtained by 1,2-regioselective proximal substitution to
obtain inherently chiral 53 that after resolution of diastereoisomers was transformed into enantiomers of 54 (Figure 23).>”
Modification with crown ether bridges gains a lot of attention due to possible applications in complexation of chiral
ammonium ions by means of N*-H---O hydrogen bonding. In the group of Pappalardo derivative 55, with a crown[6] type

(M)-50 (P)-51

Figure 22 Stereochemical notation for inherently chiral calixarenes.

55: R = 2-Py
R' = j-Pr, R? = (1S)-camphor-10-sulfonyl 56: R = COOH

Figure 23 Inherent chirality introduced by lower rim substitution.
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ring at the lower rim was used for recognition of (R)- and (S)-1-phenyl-ethylammonium picrates.’® Although doubling of the
signals occurred suggesting that a diastereomeric complex was formed, no chiral discrimination was observed in this case. A similar
design was used in the group of Chen and Huang to obtain a series of inherently chiral acid derivatives, for example 56.°'

It should be noted that the differentiation of substituents can also be introduced by their different spatial positions.®” If the
substituents are identical but have different fixed spatial positions they are considered non-equivalent. Such a differentiation is
possible for all but cone conformations of calixarene. A proximally di-O-alkylated calixarene with two identical substituents, for
example 58, can be chiral provided that the substituents have an anti relationship, that is, the skeleton is locked in a partial cone
conformation (Figure 24).°° The presence of a crown ether bridge and an additional acid group, as in 57 (partial cone
conformation) assures formation of diastereomeric salts with leucinol with considerably different association constants for
enantiomers (K,=50 M~' and 143 M™' in CD,Cl,, de 48%).°"°* The interaction pattern employs electrostatic interactions and
hydrogen bonding between the ether oxygen atoms on the host and amino/ammonium groups of the guest.

Modification of upper rims of calixarenes in order to introduce inherent chirality requires more synthetic steps. However, the
effort can pay off since such derivatives can take full advantage of the calixarene bowl. This approach was used by the groups of
Shimizu to obtain amino phenol 59, amino acid 60, and amino alcohol 61 presenting inherent chirality based on upper rim
functionalization (Figure 25). Amino phenol 59 is able to recognize enantiomers of mandelic acid through the formation of
diastereomeric salts (de 37.5%)°° Calix[4]arene 59 was also used as a catalyst in asymmetric Michael additions of thiophenols and
cyclohexenones.“® Yields of the reactions were high but the enantiomeric excesses were low (ee up to 16%). Introduction of an
additional aromatic ring at the upper rim of calix[4]arene (in consequence, formation of the macrocycle of ABCD type) resulted in
higher enantioselectivity (ee up to 31% for the same Michael addition).®”

In general, inversion of the macrocylic ring through a rotation of subunits causes racemization of inherently chiral structures.
However, if the rotation is only partial, the resulting structures may retain their chirality. The ingenious example of that type is
inherently chiral di-O-alkylated homooxacalix[3]arene 62a exhibiting a pseudo-C, symmetry (Figure 26).°® Although the unsub-
stituted aromatic ring (but not the remaining two rings!) can pass though the macrocyclic ring, the molecule retains its chirality
since the resulting structure is identical (Figure 26b). The enantiomers of 62a were separated using chiral high-performance liquid
chromatography (HPLC) and the resulting hosts gave an impressive de of 72% for complexation of amino acid esters
(as picrate salts).

Differentiation of the Edges of Aromatic Rings

Differentiation of the edges of a phenolic ring also introduces directionality to the calixarene structure and results in inherent
chirality. Differentiation of only one ring is sufficient to give an inherently chiral structure. Such an approach can potentially give
products with more compact chiral binding sites since they are positioned close to the cavity. However, from the synthetic point of
view this approach is toilsome mainly due to regioselectivity problems. Therefore, the number of examples is limited. In the group
of Chen and Huang various inherently chiral derivatives were obtained based on meta-substitution involving calix[4]quinolone

59: R' = Pr, R? = OH, R% = NBu,
60: R" = Bn, R? = COOH, R%® = NH,

61: R' = Bn, R? = CH,0H, R3 = NH,

Figure 25 Inherent chirality introduced by upper rim substitution.
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(a) R (b)
o R* O
RE RS .

R3 © R?

62a: R'"=R%2=R3=¢Bu o 0

R*=H,R>=R®%=p-Bu
62b: R" = t-Bu, R2=Me, R3=H
62a

R* = R5 = R® = CH,CONE,

Figure 26 (a) Inherently chiral homooxacalix[3]arenes and (b) the hydrogen atom passing through the ring of 62, producing superimposable
structures.

63 64 65

Figure 27 Inherent chirality of calixarene by edge substitution.

63,°” salphen 64, or proline derivatives 65 (Figure 27).”" The efficiency of 65, a calixarene that combines inherent and classical
chirality, has been tested in the enantioselective aldol reaction between 4-nitroaldehyde and cyclohexanone.®” High yields and ee
values up to 66% were obtained.

For resorcin|4]arenes, in contrary to calixarenes, edge modification is much easier due to the presence of OH groups at the upper
rim. It should be noted that for resorcinarenes an inherently chiral substitution pattern leads to the formation of stereogenic centers at
the bridging atoms (classical type chirality with chiral centers at bridging atoms). For resorcin[4]arenes, substitution of all four rings is
synthetically easier than the modification of only one edge (for calixarenes usually modification of the edge of only one ring is easier).
It can be rationalized by the presence of a system of hydrogen bonds at the upper rim that has a beneficial influence on regioselectivity.
In many cases, formation of C,-symmetric products is highly preferred due to stabilization of their structures by the maximum
number of intramolecular hydrogen bonds. For example, one of the simplest C,-symmetric inherently chiral resorcinarenes,
tetramethoxy derivative 66 (Figure 28), was synthesized by simple Lewis acid catalyzed condensation of 3-methoxyphenol with
aldehydes as a single regioizomer in 80% yield’” and separated into enantiomers.”*’* Recently inherently chiral cyano-substituted
resorcin|4]arene 67 was also synthesized.”” The cyano group, as a versatile synthon in organic chemistry, allowed for its transforma-
tion into ketones, aldehydes, amides, and amines. Starting from an inherently chiral cyano-substituted resorcin[4]arene, a series
of urea and amide derivatives were also synthesized.”® A pair of diastereomeric macrocycles was obtained by introducing (S)-
(—)-1-phenylethyl-urea functionalities. Chiral recognition capabilities of the diastereomeric host 68 were investigated by circular
dichroism spectral titration to reveal modest R/S selectivities of up to 1.4 for mandelic acid and other related carboxylic guests.

Edge modifications of resorcinarenes can also be realized by means of ring closing. In 1992 it was shown that the Mannich
reaction of resorcinarene with primary amines and formaldehyde gives tetrabenzoxazines 69 (Figure 29).”””® The C,-symmetric
isomers, that were formed regioselectively are chiral due to directional closing of the benzoxazine rings.”” Using chiral amines,
diastereoselective syntheses of tetrabenzoxazines were accomplished®’~®” in a kinetically controlled way.** The alternative ring
closing reaction involves coordination to boron atoms. In this way, L-prolinol and 1-proline derivatives of resorcin[4]arenes were
transformed into inherently chiral bora-derivatives 70 and 71 with moderate to high de.®*®’
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Figure 28 Inherent chirality of resorcin[4]arene by edge substitution.

R —X
| oy
N N_ O

:YPh 70: R' = j-Bu, X = CH,
71: R'=j-Bu, X = C=0

HO o 69 Ho

Figure 29 Inherent chirality of resorcin[4]arene by edge substitution using ring closing reactions.

Figure 30 An inherently chiral phosphonatocavitand.

Inherently chiral resorcin|[4]arenes of C; symmetry were also obtained by differentiation of hydroxyl groups using a phospho-
nate bridges by the group of Dutasta.®® Phosphonatocavitands of ABCC type, for example 72, were tested toward complexation of
various chiral neurotransmitters. The enantiopure 72 showed considerable diastereoselectivity (dr up to 2.5:1 for pseudoephed-
rine) and complete chemoselectivity (toward ephedrine).

Directional Bridging of the Rings

Another approach for differentiation of substituents at the lower rim involves directional bridging. The bridge can be placed at any
position, however, in practice; the most convenient location is the lower rim oxygen atoms (Figure 30). For example, such
directional linkages composed of carboxamide®” or ester®® moieties were introduced by a cyclization reaction to give calixarene 73
(Figure 31). The product has a C, symmetry and is inherently chiral.

Inherently chiral calixarenes are most commonly formed using a tetrameric scaffold (calix[4]arene). However, a few examples
were reported for calixarenes with a higher number of subunits, for example calix[5],%’ calix[6],”° and calix[8]arenes’’ mainly by
modification with polyether linkages at their lower rims. However, no applications have been reported.
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Figure 31 Inherently chiral calixarene formed by directional bridging.

Formation of Chiral Metal Complexes of Galixarenes

Combination of benefits coming from rich host-guest chemistry of calixarenes, metal binding sites and chirality (either classical or
inherent) can lead to construction of multifunctional catalysts.
Chirality of calixarene metal complexes potentially comes from

e chirality of attached substituents,
e inherent chirality, and
e chirality at metal centers (together with chiral arrangement of the building blocks, see the supramolecular chirality part).

Most of the chiral metal complexes of calixarenes that were synthesized were supposed to work as supramolecular catalysts
(Figure 32). Therefore they often contain catalytic motifs that are known to be effective, for example, salen or BINOL derivatives.
For example, chiral, bimetallic cobalt-salen-calixarene hybrid structure 74 was prepared and tested in the hydrolytic kinetic
resolution of racemic epoxides.’” Kinetic studies revealed that the two catalytic units on the upper rim are able to activate the
reactants in a cooperative and primarily intramolecular mode. Higher stability was found for the bimetallic catalyst as compared to
a monometallic reference complex and high enantioselectivity for kinetic resolution of epoxides was observed. However, the real
benefit from applying a calixarene scaffold is difficult to assess since the monomeric catalyst was already similarly effective in the
reaction under consideration. Another salen-calixarene 75 having combined chirality coming from stereogenic centers and
inherent chirality of a meta-substituted ring and monometallic Mn=0O active site, was applied in an epoxidation reaction of
model alkenes and showed moderate ee values (up to 72%).””

BINOL rhodium complexes of calixarenes were tested as catalysts in asymmetric hydrogenation reactions. Diphosphite 76
exhibited high enantiomeric excess for prochiral olefins, (ee up to 94%)°* while diphosphite 77 gave up to 98% ee for
hydrogenation of methyl acetamidoacrylate.”®

A rare example of recognition studies for chiral metal complexes was reported for calix[5]arenes 46 (Figure 19)."° The
complexation properties of copper(II) complex of 46 toward carbohydrates were explored. Fluorescent titration experiments
showed that they selectively recognized p-(4)-gluconic acid 8-lactone with the association constant K,(R) =4.45 x 10* M~" and
K,(S)=1.81x10* M, respectively (MeCN-H,O 4:1 v/v, pH 7.4).

Formation of Chiral Structures in a Non-Covalent Way

Chiral arrangement can also be achieved using directional non-covalent interactions, for example, hydrogen bonding groups
mounted on a non-planar skeleton. Hydrogen bond networks are kinetically less stable and separation of enantiomers is, in most
cases, not possible. However, the introduction of additional chiral auxiliaries can induce substantial diastereomeric excess of one of
the inherently chiral conformers. Since the system of many hydrogen bonds contributes significantly to the overall stability of the
system, induced inherent chirality can substantially modulate properties of the molecules. Therefore, one can envision that
inherent chirality can greatly support (or hamper) efficiency and selectivity in chiral recognition.

The first example of inherently chiral hydrogen-bonded compound was reported by the group of Rebek. They created deep
cavitands with ‘doors’ at the upper rim that were controlled by a unidirectional cooperative belt of hydrogen bonds, formed by
either amide (78, Figure 33)”° or hydroxyl groups.”” The ‘doors’ can close clockwise or counterclockwise and in the presence of
additional chirality centers one of the directions is preferred (de 50%).”° The chiral vessels exhibit preferential binding of
enantiomers of various small molecules, for example, trans-cyclohexanediol (60% de).”*

Other resorcin[4]arenes with inherently chiral conformations were reported by Schmidt et al.”” and the group of Szumna
(Figure 34).°”'°° Amide substituted resorcin[4]arenes like 79 exist in inherently chiral kite conformations that are stabilized by an
unidirectional system of eight hydrogen bonds (in solid state and in solution). This dynamic system of hydrogen bonding
undergoes inversion characterized by a relatively high-energy barrier (14.6-18.5 kcal mol™") consistent with simultaneous rupture
of all eight hydrogen bonds. This is quite a surprising result, considering that the hydrogen bond system is not strictly cooperative.
However, rotation of just one unit creates an unfavorable pattern of the adjacent hydrogen bonds, which is, responsible for
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apparent cooperativity. An even more stable pattern was obtained for resorcinarenes substituted with amino acid derivatives (e.g.,
80). In this case, inherently chiral conformations were stabilized by a total of 12 hydrogen bonds. The presence of additional
stereogenic centers causes formation of two diastereomeric inherently chiral conformations M and P in unequal amounts (de in the
range of 72-95%).

The higher molecular level of non-covalent chirality involves supramolecular chirality. Supramolecular chirality consists of
dissymmetric arrangement of molecules in a non-covalent multi-molecular assembly. The chiral or achiral components associate in
such a way so that the assembly has no symmetry planes or inversion centers.'""

Calixarene-based systems with supramolecular chirality emerged relatively late compared with chiral species constructed at the
molecular level (for reviews see refs.”®'%>'%%) In the group of D. N. Reinhoudt, calixarene scaffolds were disubstituted with
melamine derivatives to give 81 (Figure 35). Upon addition of barbituric or cyanuric acid calixarene 81 assembles into [3 + 6]
rosette-type structures. The Ds-symmetric conformer adopts an antiparallel arrangement of melamine fragments which renders the
assembly chiral even without any additional stereogenic center.

The chiral rosettes are unique examples of non-covalent assemblies that are kinetically stable enough to be isolated as single
enantiomers. Moreover, the synthesis of a given enantiomer can be performed in a stereospecific way. To achieve this, first, the
selective formation of a given (P) or (M) assembly was achieved by the introduction of stereogenic centers either at the calix[4]arene
dimelamine or barbituric/cyanuric acid derivative. Diastereomeric excess in both the cases was high (de 96%).'* Subsequent
exchange of the chiral barbiturate for an achiral cyanurate gave an enantiopure assembly with an ee of 96%. The resulting structure
was still optically active, although none of its components were chiral. Diastereoselective synthesis was also induced in a
non-covalent way. Additional complexation of chiral acids or diacids by a racemic mixture of amino-substituted double rosette
assemblies gave supramolecular chiral assemblies in which the de is ~90%.'%'°° The removal of the diacids led also to the
formation of enantiopure assemblies.

Chiral memory effect, which is inextricably connected with kinetic stability of the rosettes, was also observed in this case.
Interestingly, when racemic mixtures of calix[4]arene dimelamine were used the resulting rosettes were homochiral (no mixed-
chirality rosettes were detected), meaning, that assembly leads to an effective chiral self-sorting.
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Figure 36 Supramolecular chirality by dimerization of achiral monomers of (a) ABBB type and (b) ABAB type.

An alternative method of obtaining chiral supramolecular assemblies was reported for calix[4]arene dimers substituted at their
wides rim by four urea residues (Figure 36). The dimeric capsules, which are held together by a seam of hydrogen bonds between
N-H and O, form in non-polar solvents. For the achiral tetraurea calix|4]arene monomer, substituted with different A and B groups
at phenolic units dimerization leads to chiral structures.'°”1°% The ABBB, AABB, and ABAB substitution patterns of monomers
produce dimers with supramolecular chirality only due to the mutual arrangement of the two calixarenes (although obviously as
racemic mixtures).

Conclusions and Outlook

A review of the literature concerning chiral calixarenes emphasizes the variety of structures that can be obtained using the
macrocyclic scaffold and highlights the diversity of their applications. Since their first discovery in 1979 enormous progressions
have been made in the synthesis and applications of chiral calixarenes. This resulted in the compilation of hundreds of chiral
calixarenes. Their recognition properties are also quite well known. Each of the subtopics covered in this article already has several
specialized reviews. Obviously there is still room for obtaining interesting results in the field of chiral recognition by chiral
calixarenes. However, it needs to be noted that nowadays the area is quite mature. The future outlook for this area brings an
impression that researches are now exploring practical aspects of the existing knowledge. They are aiming at transferring molecular
recognition events into macroscopic properties that opens the field for new fascinating designs and discoveries. It can be envisioned
that new smart materials including supramolecular self-healing gels, chiral nanomaterials, and molecular machines may emerge as
a result of the application of chiral calixarenes.
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Chiral capsules with polar interiors (reversed capsules) undergo
heterochiral sorting and exhibit positive mutalism - both hemi-
spheres mutually benefit from the association. This feature can be
coupled with partial reversibility of the formation reaction and
utilized to amplify synthesis of hybrid capsules made of hemi-
spheres that cannot be formed independently.

Non-covalent assembly can contribute considerably to the overall
stability of systems, and therefore it can be used as a directing force
for numerous chemical processes. Nature often uses molecular
recognition to drive the selectivity of its crucial chemical reactions.
Chemists have also shown that molecular recognition can be
employed to direct synthesis of complex molecular architectures
that are not achievable by simple chemoselective synthesis
(rotaxanes, knots, etc.,).”* Dynamical combinatorial chemistry
couples stability gained from recognition with reversibility of the
chemical reaction. In this way the most stable assemblies have a
chance to be amplified.> In the current communication we show
that the stability gained from non-covalent assembly of capsular
dimers can be used to control their own chemical synthesis.
Additionally, we show that chiral sorting plays a crucial role
in the selectivity of this process. We and others have pre-
viously demonstrated that sorting’ > and chiral sorting, in parti-
cular,” " can effectively control assembly of capsules. However, it
has not been previously shown that that chiral sorting can also
mutually influence the chemical synthesis of hemispheres.
Recently we reported the synthesis of L-2a, which is composed
of a rigid resorcin[4]arene scaffold and flexible L-phenylalanine
arms (Scheme 1)."” The product dimerizes quantitatively in the
reaction mixture and it is isolated as capsules (L-2a), in a high
overall yield (70%). The self-complementary dimers (L-2a), have
two unique features: they are chiral and have polar interiors,
which makes them very efficient in chiral recognition of small
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1 Electronic supplementary information (ESI) available: Synthetic and isolation pro-
cedures. NMR spectra of all new capsules synthesized. CCDC 918981. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/c3cc41515¢
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polar molecules.'®"? Since the binding motif of the dimer (inter-

actions by two belts of salt bridges) involves only amino acid
backbones, it can be expected that similar capsules should be
formed with other amino acids having hydrophobic side chains.
However, we have currently found that using even chemically
similar amino acids leads to dramatic changes: not only in the
association and complexation properties but also in the outcome
of the chemical synthesis. We have found that the assembly
process and successful formation of the product by the Mannich
reaction are inextricably connected.

We have tested the Mannich reaction with various hydro-
phobic amino acids: Ala 1b, Leu 1¢, Val 1d and Ile 1e. In the case
of L-1b, the dimeric homochiral capsule (L-2b), was formed in the
reaction medium and isolated in 50% yield (ESIT). However, for

This journal is © The Royal Society of Chemistry 2013


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c3cc41515e
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC049037

Open Access Article. Published on 19 March 2013. Downloaded on 11/01/2016 13:02:40.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

L-1c, an amino acid with a longer and more flexible alkyl chain,
the obtained product had a very complicated NMR spectrum with
pronounced upfield shifted signals of methyl groups (ESIf).
Further experiments showed that the product existed in a
dimeric form (L-2¢), but one of the leucine side chains was self-
encapsulated, thus preventing guest complexation. This was in
contrast to (L-2a),, which in some solvents could also exist in self-
encapsulated form but remained fully effective in guest binding.
The most surprising behaviour was observed for L-1d. In this case
we did not obtain a capsule (L-2d),. Moreover, despite numerous
attempts, the secondary amine L-2d could not be obtained even in
its monomeric form, using this reaction.

In order to gain insight into possible reasons for such
differences we examined the course of the Mannich reaction
between resorcin[4]arene, formaldehyde and various amino
acids by NMR (Scheme 1 and Fig. 1). We chose the two
borderline cases: L-1a and L-1d. In both cases the reaction
initially led to the formation of variously substituted benzox-
azines 3 (Fig. 1a and e). The existence of benzoxazine inter-
mediates was confirmed using HSQC and DOSY spectra (ESIT).
For L-1a the signals of benzoxazine species gradually dis-
appeared during the progress of the reaction and finally, after
5 days, the main product was L-2a, which assembled into
capsules (L-2a), (Fig. 1b and c). However, for L-1d the reaction
did not equilibrate to yield the final four-substituted secondary
amine product L-2d. Instead, very broad peaks were obtained,
indicative of non-specific aggregation (Fig. 1d). After addition
of methanol to disassemble the aggregates, the spectrum
revealed a complicated mixture of randomly substituted ben-
zoxazines 3 and secondary amines 2 with unreacted aromatic

a)

| AT

Y

PPM 72 68 64 60 56 52 48 44 40 36 32 28 24 20 16 12 08
Fig. 1 "H NMR spectra (600 MHz) of reaction mixtures: (a) after 1 day from
substrate L-1a (CDCl3); (b) after 5 days from substrate L-1a (CDCls); (c) final
isolated product from substrate L-1a (CDCl3); (d) after 5 days from substrate L-1d
(CDCl3); (e) after 5 days from substrate L-1d (CDCl3:CD30OD 1:1); (f) isolated
product (L-2d)(D-2d) (CDCl3); s - solvent, b — benzoxazine, r — unreacted aromatic
positions from resorcinarene.
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Fig. 2 Top view of X-ray structures of: (a) homochiral dimer (L-2a), (Refcode
HOWHAD); (b) heterochiral dimer (L-2a)(D-2a). § denotes steric crowding
between phenylalanine side chains (highly disordered CH,Cl, and CHsNO,
molecules were removed by SQUEEZE).

positions (Fig. 1e). Attempts to force the reaction by heating,
prolonged reaction times, addition of acidic catalyst (AcOH,
10%) or addition of methanol (5-50%) to disassemble aggregates
also failed. These results indicate that the formation of benzox-
azines 3 is reversible (as also proved by others)** and assembly
of a dimeric capsule (L-2a), moves the equilibrium towards
secondary amines. Apparently, for L-1d this driving force is
missing, and therefore the reversible step of the Mannich
reaction does not lead to secondary amine L-2d.

The possible reason why a capsular dimer fails to form can
be deduced from the X-ray structure. In homochiral dimer
(L-2a), the amino acid side chains are grouped pairwise
(Scheme 1 and Fig. 2)."” This can create potential sterical
conflicts between amino acid side chains, especially branched
at the position next to the stereogenic center (like L-Val).
However, the steric hindrance can be considerably diminished
in a dimer composed of hemispheres of opposite chirality. The
X-ray structure of (L-2a)(D-2a) shows that in a heterochiral
capsule the amino acid side chains form a pinwheel type of
structure that is devoid of steric clashes (Fig. 2b).¥ This results
in the formation of a more stable dimer. Indeed, we have
previously proven that, in solution, a heterochiral capsule is
thermodynamically more stable than a homochiral one."”

Based on this structural information we have predicted that,
even though we cannot obtain a homochiral capsule (L-2d), for
steric reasons, the formation of a heterochiral capsule (L-2d)(D-2d)
should be possible and can therefore possibly drive the reversible
step of the Mannich reaction. This observation prompted us to
develop a strategy for obtaining hybrid capsules®** that are not
accessible through a traditional sequence: chemical reaction —
isolation of homochiral capsules — association of heterochiral
capsules. We took advantage of the reversibility of benzoxazine
formation and the higher thermodynamic stability of heterochiral
arrangement. Therefore, we tested the effectiveness of assembly-
driven synthesis at the different levels (Fig. 3) and under various
reaction conditions.§ First we used a pre-formed homochiral
capsule (L-2a), as a template for formation of a heterochiral
hybrid capsule with a D-1d partner (Fig. 3a). The product
(L-2a)(D-2d) was isolated in 45% yield. This result finally proves
that the assembly can drive the synthesis and also eliminates the
possibility that inherent reactivity of valine is responsible for the
negative outcome of the Mannich reaction. We then investigated
whether we could obtain a hybrid capsule without a pre-formed
template. In the first approach the reactions were carried out so

Chem. Commun., 2013, 49, 3860-3862 | 3861
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\
1 |

(L-2a)(p-2d) 51%
(L-2e)(p-2d) 62%
(L-2d)(p-2d) 49%

Fig. 3 Sorting experiments in the synthesis of hybrid capsules.

that the first step took place separately for opposite enantiomers.
Then the reaction mixtures were combined and the mixture was
allowed to assemble and equilibrate (Fig. 3b). In this way the test
capsule (L-2a)(D-2d) was obtained in 51% yield. The strategy has
proven to be effective for the synthesis of new capsules made of
two monomers, of which none was obtained as a single compo-
nent, for example (L-2e)(D-2d) (62%) and (L-2d)(D-2d) (49%).
Finally, a totally one pot procedure using racemic amino acids
was tested. However, the limitation of this approach is the first
reaction step (attachment to the resorcinarene skeleton) which,
under mild conditions (required for effective assembly), has
limited (or no) reversibility. Therefore, the one-pot procedure
proved to be ineffective.

As the molecular capsules with reversed polarity are already
formed in the reaction medium, their isolation also requires
special care to protect their secondary structure. Similarly to
natural biological polymers, if the capsular dimers are not
properly handled, they are prone to denaturation, which destroys
their function. Dimers (L-2b), are stable and easily isolated
in non-polar solvents. However, when (L-2b), was dissolved in
DCM-MeOH and evaporated, its capsular properties were lost. As
a result of denaturation the material was no longer soluble in
non-polar solvents and did not show complexing properties. This
denaturation process was to some extent reversible, but it
required days (in chloroform) for (L-2b), to partially restore its
capsular structure. However, some part of the material remained
irreversibly denaturated. The plausible explanation involves for-
mation of non-covalent oligomeric polymers instead of well
ordered dimers as the polarity of solvent increases (DCM evapo-
rates faster than methanol). Although the dimers are thermo-
dynamically favoured in non-polar solvents, their formation is
slow and therefore re-denaturation is very slow. The denaturation
process is most pronounced for capsules that have “thin” hydro-
phobic shells e.g. (L-2b),. For “thicker” hydrophobic shells, e.g.
(L-2a),, denaturation still occurs, but to a lesser extent. This
observation has important implications from the synthetic point
of view. Improper reaction conditions or improper work-up
destroys supramolecular assemblies and may result in a chemical

3862 | Chem. Commun. 2013, 49, 3860-3862
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compound, but not a functional material. Since the self-assembly
process is very slow, the real value of the newly synthesized
compound can be easily overlooked.

In conclusion, we have shown that the chemical synthesis of
capsules with reversed polarity is driven by their self-assembly. The
hemispheres can mutually promote their own formation. There-
fore, it is possible to obtain a capsule made of two different
hemispheres even if none of them can be synthesized separately.
Both formation by chemical reaction and successful isolation are
inextricably connected with formation of dimers. If the capsules are
not formed either due to steric requirements or due to denatura-
tion, the products cannot be obtained, even as monomers. Higher
thermodynamic stability of heterochiral dimers can be employed to
drive the chemical reaction of their formation. The new hybrid
dimers obtained by this approach exhibit positive mutalism - they
stabilise their own formation and cannot exist separately.

We acknowledge the financial support from the National
Science Centre (Grant No. N204 187839).

Notes and references

T Crystallographic data for (L-2a)(D-2a) x 6 CH,Cl, x 6 CH3NO,:
Ci150H230Cl1sN1 404y M = 3719.18, 0.63 X 0.76 x 0.93 mm®, mono-
clinic, space group P2,/n (no. 14), a = 17.9860(7), b = 32.4038(14), ¢ =
32.9781(14) A, f = 90.406(2)°, V = 19219.6(14) A*, Z = 4, D, = 1.285 g cm >,
Fogo = 7856, CuKa. radiation, 2 = 1.54184 A, T = 173(2) K, 20max = 136.1°,
415267 reflections collected, 34285 unique (R, = 0.0690). Final GooF =
1.035, Ry = 0.0700, WR, = 0.1917, R indices based on 28 496 reflections with
I>20(]) (refinement on F*), 1860 parameters, 0 restraints. Lp and absorption
corrections applied, u = 2.227 mm™". Squeeze procedure has been applied
to remove highly disordered solvent molecules. CCDC 918981.

§ See ESIT for details.
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tools in supramolecular crystallography

Michat Wierzbicki,® Mirostaw Gilski,°¢ Kari Rissanen,*@ Mariusz Jaskolski*P©
and Agnieszka Szumna*?

Supramolecular structures, with ever increasing size ranging from a few up to tens of nanometres,
represent an intermediate stage between small molecules and biological macromolecules. Many crystal
structures of these large supramolecular assemblies have been solved using dual space algorithms.
However, supramolecular assemblies with a capsular shape present a particular challenge for
crystallography, especially when they are chiral and composed of only light atoms. In this paper, we
show that the application of “routine” macromolecular tools may be of great help in solving the crystal
structures of supramolecular assemblies that are otherwise refractory to the routine methods of small
molecule crystallography. Specifically, we have applied the method of molecular replacement as
implemented in PHASER in order to solve the crystal structure of a chiral organic capsule, which could
not be determined using direct or dual space methods. By utilizing various models consisting of well-
defined supramolecular “bricks” or modelled structures, we show how model size (fraction of the
asymmetric unit) and quality (root mean square deviation from target) influence the success rate of
medium sized non-protein structures. The results indicate that supramolecular structures, that are still
“small molecules” for macromolecular standards, can be successfully solved using even very small
models, down to 25% by weight of the contents of the asymmetric unit.

Introduction

Although the underlying principles of macromolecular (also
referred to as protein) crystallography and small-molecule
crystallography (here concerned mainly with organic molecules)
are essentially the same, the experimental and computational
approaches in these two areas are quite distinct, partly as a
result of tradition, and partly because of real idiosyncrasies
of these domains. This is visible, for instance, in the usually
simple crystallization methods in small-molecule crystallog-
raphy and the highly developed, usually high-throughput,
miniaturized and robotized macromolecular crystallization
techniques, and in the fact that most organic crystal struc-
tures are being solved automatically and routinely by direct
methods, while this approach is inapplicable for typical-size
macromolecular structures. A dramatic divide concerns the

“ Institute of Organic Chemistry, Polish Academy of Sciences, Warsaw, Poland.
E-mail: agnieszka.szumna@icho.edu.pl

b Center for Biocrystallographic Research, Institute of Bioorganic Chemistry,

Polish Academy of Sciences, Poznan, Poland. E-mail: mariuszj@amu.edu.pl

¢ Department of Crystallography, Faculty of Chemistry, A. Mickiewicz University,
Poznan, Poland

dDepartment of Chemistry, Nanoscience Center, University of Jyvaskyla, P.O. Box 35,
FI-40014, Finland. E-mail: kari.t.rissanen@jyu.fi

+ CCDC 971032 and 971033. For crystallographic data in CIF or other
electronic format see DOIL: 10.1039/c3ce42288g

This journal is © The Royal Society of Chemistry 2014

http://rcin.org.pl

achievable resolution, which with small molecules is almost
always very high (e.g. about 0.8 A even when limited by the
wavelength of Cu Ko radiation), and in protein crystallogra-
phy is still rare even at the nominal atomic resolution of
1.2 A defined by Sheldrick,' as illustrated by the constant
level of ~2% of such structures® in the Protein Data Bank.’
The latter aspect is responsible, for example, for the fact
that while protein crystallographers always build their
models on electron density maps, such maps almost never
meet the eye of small-molecule crystallographers, who can
work quite comfortably with atom/peak lists generated by
automatic interpretation of such maps. There are, however,
also evident lines of convergence. For example, the loop
method introduced for mounting protein crystals for cryogenic
experiments® is gaining popularity in small-molecule crystal-
lography, and the two communities use cryogenic tempera-
tures for routine data collections (although the reasons in
the two cases may be somewhat different). Also, the high-
resolution barrier is gradually becoming a historical one,
as record-breaking ultrahigh-resolution structures of proteins
(0.48 A)* and nucleic acids (0.55 A)° can now also be found
in the PDB. A very encouraging example of convergence is
provided by the highly popular SHELX system of crystallo-
graphic programs,” originally developed for small-molecules
and later very successfully converted by its author to a
versatile system, now also widely used in macromolecular
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crystallography. In general, however, the computational tools
are quite different in the two communities, the small-molecule
programs usually being incapable of handling the huge
macromolecular cases and the macromolecular programs
being often hard-wired for the structural specifics of biopolymers.
In this work, we demonstrate that with very little additional
effort, the powerful computational tools of protein crystal-
lography can become extremely useful in small molecule
crystallography as well, especially when the “small molecules”
are not so small at all, as is the case of self-assembling supra-
molecular systems. We show that application of “routine”
macromolecular tools may greatly help with solving crystal
structures of supramolecular assemblies that cannot be solved
using “routine” small molecule crystallography methods.

Results and discussion

Experimental problems with crystal structure determination
of capsular assemblies

For the last few decades, most small-molecule structures have
been routinely solved by direct methods. Direct methods are
a subclass of ab initio methods, i.e. methods of crystal struc-
ture determination that do not require prior knowledge of
any atomic positions. Direct methods algorithms, as imple-
mented in the programs SHELXS’ and SIR,® usually are not
effective with more than ~200 non-hydrogen atoms, although
there are cases of spectacular success even with much larger
911 The more recently developed methods based
on dual space algorithms, as implemented in, for example,
the programs Shake-and-Bake,'”> SHELXD’ or SUPERFLIP,"
have significantly pushed the boundaries of ab initio crystallo-
graphic methods. All ab initio methods rely on the atomicity
constraint, which is implemented by requiring the electron
density to be concentrated at randomly distributed, resolved,
and equal-atom positions. The mathematical solution requires
atomic-resolution data, which is often difficult to achieve for
macromolecular structures and also for some supramolecular
structures. However, when the atomicity condition is met
(i.e. accurate diffraction data have been measured to a reso-
lution of 1.2 A or better), the dual space methods have proven
capable of solving complete structures containing as many as
2000 independent non-H atoms.

Supramolecular structures (artificially constructed non-covalent
assemblies), with their increasingly larger size ranging from
a few nanometers up to tens of nanometers, are located at
the interface between small molecules and macromolecules.
With the spectacular advances in data quality (mostly owing
to synchrotron radiation sources)'* and development of dual
space algorithms, many crystal structures of large supramo-
lecular assemblies are now solved using ab initio methods."®
However, the special case of assemblies with a capsular
shape presents a particular challenge for crystallography,
particularly when they are made of light atoms and are
chiral, like those that have been recently the subject of
interest of our group.'®™® There are good structural reasons

structures.
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for that. Capsular assemblies, by definition, contain vaults
or cavities that are often filled with highly disordered
solvent. Since the capsules resemble large spherical objects,
their inter-capsular voids are also quite large and often also
filled with disordered solvent. Therefore, the volume ratio
between the well-defined capsule framework and the poorly
defined regions can be quite low. Organic capsules are
usually crystallized from organic solvents, which makes the
crystals fragile and prone to fast decomposition due to
solvent volatility. Such crystals often diffract poorly and only
low resolution data can be obtained. Further problems that
are particularly relevant to capsular assemblies are related
to their high symmetry. Symmetry may be of great help if
the capsule molecular symmetry coincides with crystallo-
graphic symmetry. However, in many cases, the molecular
symmetry does not overlap or only approximately overlaps
with crystal lattice symmetry. As a result of this symmetry
mismatch, the crystals are very prone to twinning, and this
effect is aggravated by the often weak inter-capsular inte-
ractions. Therefore, space group determination may be prob-
lematic because of twinning and pseudosymmetry.

Solution of the problem - molecular replacement

Despite the above difficulties, one great structural advantage
of supramolecular capsules is that they are often built from
well-defined molecular “bricks”. Out of the arsenal of several
known “bricks”, chemists have made an enormous number
of covalent derivatives and sophisticated multicomponent
assemblies. For example, there are more than 2500 structures
containing calix[4]arene skeleton, ~960 resorcin[4]arenes, and
~690 various cucurbiturils (CSD, version 5.34).>° The advan-
tage of these “bricks” consists in the fact that their 3D struc-
tures are well known and in most cases not susceptible to
conformational changes (at least not considerable). Because
of that, supramolecular crystallography can benefit from
building crystal structures from known molecular fragments,
i.e. can exploit the methods of molecular replacement.
Molecular replacement (MR) involves the rigid-body place-
ment of a search model in the asymmetric unit of the target
crystal, with the aim of finding the best match between the
search model and the target structure. Computer programs
for MR have been around for several decades. The success
of the method depends predominantly on two factors: the
fraction of the asymmetric unit for which there is a suitable
model, and the RMS deviation (after optimal superposition)
between the model and target structures. Although the avail-
ability of a good model is a prerequisite for MR, the quality
of the target functions and the search strategy are also impor-
tant for success. Traditionally, molecular replacement has
been based on the properties of the Patterson function. The
factors that can complicate the problem are high symmetry,
tight packing and/or multiple search components in the
asymmetric unit. Large numbers of components in the asym-
metric unit are particularly problematic for traditional MR
algorithms, where each component of the asymmetric unit is

This journal is © The Royal Society of Chemistry 2014
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found independently and therefore the fraction of the total
scattering contributed by each component is low. As an alter-
native to Patterson-based MR, a maximum-likelihood (ML)
MR approach is now playing an increasingly important role,
particularly for difficult molecular replacement problems.”' >’
The ML algorithm is implemented, for example, in the pro-
gram PHASER.> The method significantly improves the
success rate in cases where there are multiple search
components in the asymmetric unit because it has more dis-
criminating (maximum-likelihood) rotation and translation
functions than other methods, and these functions also
utilize the information about the orientation and translation
of a given component to increase the signal-to-noise ratio of
both the rotation and translation search for other components.
A recent PHASER version also finds pseudo-translational
NCS (non-crystallographic symmetry) and corrects the data for
intensity variations using likelihood methods, yielding molecular
replacement solutions with even higher signal-to-noise level.*®
The ML MR functions implemented in PHASER have allowed
many previously intractable macromolecular MR problems to
be solved.”>*>

Working example - chiral organic capsule with polar interior

The example presented to illustrate our approach is a chiral
organic capsule, 1, non-covalently assembled from two chiral
hemispheres (Fig. 1)."> The assembly motif consists of a sys-
tem of ionic hydrogen bonds (salt bridges) between carboxylic
and amine groups. The capsule has a reversed polarity
(in analogy to reverse micelles), with polar groups gathered inside
and a hydrophobic outer shell. The hemispheres consist of
resorcin[4]arene scaffolds decorated with four r-alanine
arms. Although the amino acid arms are highly flexible,
solution studies have indicated that the association motif

1R=Me
2R =Bn

Fig. 1 Chemical structures of the chiral capsules with reversed polarity.
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for 1 is similar to that reported previously for L-phenylalanine
analogue 2. Therefore, we expected that the present structure
would have a capsular shape with a cavity volume of ~310 A®,
capable of binding small polar molecules."”'® Considering the
size of the unit cell and its contents, the structure presents
a medium-sized crystallographic problem according to current
standards (Table 1). The quality of the dataset, which extends
t0 0.90 A resolution, is quite high, as indicated by R;,; = 0.044
for orthorhombic lattice. Statistics of the systematic absences
indicated the P2,2,2, space group. However, our previous
experience suggests that some of the reflection intensities
might be artificially low due to the high symmetry of the
assemblies. Therefore, in the subsequent MR -calculations,
we tested all primitive space groups in the 222 class by
allowing all possible combinations of twofold and twofold
screw axes (2 and 2,).

The dataset for the crystal of 1 seemed suitable for the
ab initio structure solution methods owing to a quite high

Table 1 Crystal data for 1 and refinement statistics

Crystal data

Moiety formula 1 (acetone)y ;-(MeCN), ;-H,O
Empirical formula (C60HsaN4016)2+(C3Hg0)o.1:(C2H3N)o 7 HO
Formula weight 2833.46

Temperature (K) 150

Wavelength (A) 1.54178

Crystal system Orthorhombic

Space group P2,2,24

Unit cell dimensions 15.7322(4)

a/b/c (A) 24.0717(7)
41.3778(12)

Unit cell volume (A*) 15 669.8(8)

zZ 4

Calculated density 1.191

(g em ™)

Absorption coefficient 0.710

(mm )

F(000) 6066

0 range for data 58.99-3.00

collection (°)

Index ranges -11 < h <17
26 < k<24
—44 <1< 45

Reflections collected 33459

Independent reflections
(Friedel opposites not
merged/merged)
Completeness to Oax

20458 (Rine = 0.0462)
11872 (Rine = 0.0491)

0.967

Refinement statistics (with disordered solvent molecules)

Final R indices [>20(I)] 0.0995

R indices [all data] 0.1037
Goodness-of-fit 1.160
Extinction coefficient 0.00212(10)
Largest diff. peak and hole (e A) 0.471/-0.396

Refinement statistics (with solvent masking procedure)

Final R indices [>20(I)] 0.0757

R indices [all data] 0.0815
Goodness-of-fit 1.055
Extinction coefficient —

Largest diff. peak and hole (e A) 0.463/-0.312
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diffraction quality. We therefore first attempted to solve the
structure by ab initio methods using virtually all routine
procedures available in SHELXS, SIR and SUPERFLIP. The
attempts were carried out independently in laboratories in
Poland (Szumna) and in Finland (Rissanen). In those runs, for
example SHELXS, produced many trial solutions with very
similar figures of merit, none above a conclusive threshold.
We also tested SUPERFLIP and SHELXD. In the multi-run
mode, SUPERFLIP generated many potential solutions that
met the default criteria for convergence. However, none of
them had any expected features of the capsule structure.

The previously reported structure of a chiral capsule with
1-phenylalanine arms (2) was solved using DIRDIF.® DIRDIF
is a computer program that uses a traditional Patterson-based
version of molecular replacement in combination with direct
methods in an implementation suitable for small molecule
problems. In the past, it has proven to be very successful in
our hands for solving many problematic structures, often
using twinned data.’®>° However, in the present case, multi-
ple trials using various models (Fig. 2) in all tested space
groups have failed to find a solution.

A1 and A2

RMSD: 0.912A (A1), 0.994A (A2)
fraction of the final solution: 60%
structure solved

RMSD: 0.961A
fraction of the final solution: 50%
structure not solved

View Article Online
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As most of the “standard” small-molecule crystallographic
tools failed to give a solution, we turned our attention to
macromolecular software. The advantages of using maximum-
likelihood MR as implemented in PHASER include searching
for many independent fragments simultaneously and checking
of all chiral space groups within a given crystal class and
Bravais lattice. As the initial model, we used the core of
capsule 2 (model A1, Fig. 2). With model A1, the structure was
easily solved using a standard PHASER procedure (without
modification of any of the default parameters) and the program
returned the solution in the P2,2,2, space group. The struc-
ture was subsequently refined using SHELXH to the final
Ry = 0.0995 with modelled solvent disorder or to R; = 0.0757
with solvent masking procedure in OLEX2.>* The asymmetric
unit is composed of dimer 1 with one water and 9.1 acetone
molecules and 0.7 of an acetonitrile molecule (Fig. 3). Two acetone
molecules and one water molecule are found inside the cavity;
the remaining acetone molecules are located between the
capsules and mostly disordered. Interestingly, inspection
of the contour electron density maps, as it is common for
macromolecules, allowed for the unequivocal location of

RMSD: 0.554A
fraction of the final solution: 40%
structure solved

RMSD: 0.724A
fraction of the final solution: 30%
structure not solved

RMSD: 0.877A
fraction of the final solution: 25%
structure solved

RMSD: 0.122A
fraction of the final solution: 20%
structure not solved

Fig. 2 Chemical structures of models that were tested for solving the structure of 1 using molecular replacement methods. RMSD value and
fraction of the final structure (by weight) for each model are given below. The comment indicates if the model resulted in solved structure using

PHASER program with default parameters.
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Fig. 3 (a) Structure of 1 (sticks) with two molecules of acetone
(van der Waals spheres) and one water molecule (aquamarine) trapped
inside the cavity; (b) superposition of the corresponding parts of the
structures of 1 (green) and 2 (red).

7=

i

/\ (

Fig. 4 A section of 2F, - F. (grey) and difference F, — F. (green)
electron density maps contoured at the 1.5 and 3.00 level, respectively.
The difference map was used for the identification of an acetone
molecule (black sticks).

some acetone molecules (Fig. 4). These solvent molecules
with partial occupancies are not clearly visible using
electron density peaks, typically generated during small
molecule refinement. The final structure of capsular dimer
1 is found to deviate significantly from the “model”, at least
more than expected (Fig. 3b). The differences involve

(b)

0.912 0.994
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different conformations of the amino acid arms. In parti-
cular, one of the r-alanine arms has a conformation, with
the side chain located inside the cavity, that has not been
observed in any of the previous structures, either in the
solid state or in solution. Additionally, the relative position
of the resorcin[4]arene scaffolds is significantly different. In
the structure of 2 (used as a model), the dihedral angle
between the scaffolds is 44°. In the present structure of 1,
this angle is only 29°. As a result of those differences, the
RMSD value between the corresponding parts of the struc-
tures of capsules 1 and 2 is as high as 1.082 A (Fig. 3b).

The A1 model that was used for MR in the initial PHASER
attempt accounted for quite a substantial fraction of the
unknown structure (60% by weight). Its creation was possible
due to the availability of structural data for 2. However, the
model is not very accurate in small-molecule standards
(RMSD 0.912 A, Fig. 5a). One can expect that a model of similar
quality could also be obtained through molecular modelling.
To check this, we constructed a model “from scratch” using
the qualitative information on the interaction mode between
the monomers and the approximate symmetry from NMR
experiments. The fragment was optimized using molecular
mechanics (with various force fields). The modelling afforded
fragment A2 with visually different positions of the arms and
different geometry of the resorcin[4]arene scaffold (Fig. 5b,
RMSD 0.994 A). The modelled fragment A2 also produced a
correct solution of the crystal structure in PHASER. This
example indicates that molecular modelling with some hints
from NMR models can also be of great help in solving crys-
tal structures by molecular replacement.

We also tested whether smaller fragments could be used
for solving the crystal structure. We gradually reduced the
size of the model down to the most characteristic “brick” of the
present capsule, consisting of just the resorcin[4]arene
skeleton (Fig. 2). The results show that with the use of default
procedures in PHASER, the success rate is not a simple func-
tion of model size. Application of the two rigid resorcin[4]arene
scaffolds at the correct distance but with wrong relative
rotation (model C, model size 40% by weight, RMSD 0.554 A)

(©) (d)

0.554 0.877

Fig. 5 Superposition of the corresponding sections of the structure of 1 (green) and models (red): (a) Al; (b) A2; (c) C and (d) E. The RMSD value

for each case is given below in A.

This journal is © The Royal Society of Chemistry 2014

http://rcin.org.pl

CrystEngComm, 2014, 16, 3773-3780 | 3777


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c3ce42288g

Open Access Article. Published on 13 January 2014. Downloaded on 11/01/2016 13:00:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

still allowed for a successful solution of the structure. Also, a
model consisting of only a single resorcin[4]arene skeleton with
flexible lower-rim alkyl chains (model E, 25%, RMSD 0.877 A)
allowed us to solve the structure. In this case, even though the
location of two copies was requested, PHASER found only one
of them (or at least only one was visible after the peak-search
interpretation of the electron density map). Thus, initially, only
a small part of the structure was available in this case. However,
subsequent step-by-step expansion of the model led to suc-
cessful completion and refinement of the whole structure.
With the use of the smallest rigid building block, ie. the
resorcin[4]arene skeleton itself (model F, 20%, RMSD 0.122 A),
the structure cannot be solved by the default runs of PHASER.

An interesting discontinuity in the dependence between
model size and the chance of success was observed for models
B and D (Fig. 2). Even though both the smaller and larger
models gave the correct solution, the medium-sized models
did not, although they were not worse in terms of their RMSD
values. The reasons for that can be traced down to the packing
criterion that is routinely checked by the software. By default
for protein structures, the program discards solutions that
have too many clashes of Co atoms (more than 5). For supra-
molecular structures, it is hard to predict what should be
classified as Co atoms and tighter packing of the subunits is
possible. Therefore, in subsequent runs, we allowed PHASER
to accept solutions without checking the packing criterion.
The calculation time in this case was much longer (ca. five
times), but we could obtain the correct solutions for models
that were previously unsuccessful (B and D).

Conclusions

In this work we have shown how the powerful computational
tools of protein crystallography can be successfully applied to
crystal structures of supramolecular assemblies that may not
be easily amenable to approaches typical for small-molecule
crystallography. Of particular interest are the powerful molecular
replacement methods, as many supramolecular structures are
assemblies of known fragments. Among those methods,
the maximum-likelihood-based MR algorithms with the
possibility to simultaneously search for multiple fragments,
as implemented in PHASER, seem to be particularly suitable.
In many cases, the default parameters used by the MR
software can be successfully applied for supramolecular
structure solution. However, one has to be aware of the inherent
differences between the supramolecular and protein structures,
which may require a deviation from the protein-specific default
setting. They are mainly related to the substantially different
packing characteristics. Although supramolecular structures are
quite large by the standards of small molecule crystallography,
they are still rather small for typical protein crystallography. A
benefit of this is that even very small models can lead to
successful structure solution. In the present paper, we have
shown that models that are composed of only 25% of the total
weight of the asymmetric unit can still yield an appropriate
solution of the crystal structure.
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As the size and complexity of supramolecular structures
are constantly growing, one can predict that the number of
examples emerging at the interface between small molecules
and macromolecular crystallography will also be growing.
The present experiences foretell a great promise for the appli-
cation of macromolecular methodology in supramolecular
crystallography and highlight the unity of these two poles of
structural crystallography.

Experimental
Materials

Compound 1 was synthesized as previously reported.'® A 10 mg
sample of 1 was crystallized from acetone. The crystals were
quite large but decomposed within seconds after removal from
the mother liquid. The crystals were transferred as soon as
possible into a loop containing perfluorinated oil and frozen at
150 K. X-Ray diffraction data were measured on a Bruker Kappa
Apex II diffractometer at Polish Academy of Sciences (Warsaw,
Poland) equipped with a sealed-tube Cu Ko source, a APEX2
detector and a low-temperature device. APEX2 software was used
for the data measurement for the processing. Crystal mosaicity
0.78°. Data were integrated in an orthorhombic P crystal system
with LS profile fitting enabled (using default settings). The data
were corrected for Lp and absorption (estimated minimum
and maximum transmission: 0.7864 and 1.0000).

The protocol of structure solution using PHASER

A reflection file obtained in the data reduction process was
converted from SHELX hkl to mtz format using the F2MTZ
routine of the CCP4 suite. The CTRUNCATE procedure was
used to convert the intensities to structure factors, and the
scattering power was calculated based on the atom count in
the asymmetric unit (excluding any possible solvent, the content
of which was not known at that stage). The obtained mtz file
was then edited using the SFTOOLS module to input the
correct wavelength. The models for molecular replacement
(in PDB format) were prepared using X-Seed,*" starting from a
previously refined structure of 2. The PHASER program
ver. 2.51 from the CCP4 package was used to solve the struc-
ture, taking into account all the possible primitive space groups
within the given point group symmetry (222 in this case). The
RMSD between each model and the target structure was set
to 1 A. The resulting PDB file, containing the oriented and
translated atomic model, and mtz file, containing the original
diffraction data plus the model-derived structure-factor infor-
mation and Fourier map coefficients, were then inspected
directly in the COOT program, a molecular-graphics applica-
tion for model building and validation.** Visualization of the
electron density maps calculated on the basis of these data
allows one to build and validate the structural model. The
peak coordinates located in a peak-search procedure were
written in the atomic coordinate PDB file that was subse-
quently exported to a SHELX res file format using Mercury.*®

This journal is © The Royal Society of Chemistry 2014
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Refinement

The structure was refined with SHELXH using the X-Seed
interface.®® All ordered non-hydrogen atoms were refined
with anisotropic thermal parameters (ADP). All H atoms were
positioned geometrically. The -CH; hydrogen atoms were
staggered with respect to the shortest other bond to the atom
to which the —-CH; is attached; water hydrogen atoms were not
located. Geometrical restraints were applied for the disordered
fragments (FLAT, DFIX, DANG, and SAME). The disorder is
mainly observed in the peripheral part of the molecule (alkyl
chains) and for the intracapsular acetone molecules. Most of
the disordered atoms were located in dual positions. With all
solvent molecules located from the electron density peaks, we
obtained R, = 0.0995 (Table 1), CCDC 971032.

Inspection of ADP parameters for intracapsular solvent
molecules and peripheral alkyl chains indicates that some addi-
tional disorder is still possible. However, numerous attempts
to model this residual disorder with alternative occupancies did
not yield stereochemically reasonable results. As an alter-
native to the previous refinement, we have applied a solvent
masking procedure as implemented in OLEX2.*® We have only
left those acetone molecules having full occupancy (two intra-
capsular and three intercapsular molecules, no restrains) and
masked the remaining solvent molecules (disordered). It
resulted in a final R; = 0.0757, CCDC 971033.
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ABSTRACT: Tetraformylresorcin[4]arene is obtained in 48%
yield via a chromatography-free Duff reaction. The formylated
resorcinarene reacts easily with primary aliphatic and aromatic
amines. The resulting imines exist exclusively in keto-enamine
forms. Owing to a system of intramolecular hydrogen bonds,
the reaction selectively leads to regioisomers with C,
symmetry. They possess an inherent chirality due to a

R R
Duff CHO NH HN

HO OH formylation HO OH R-NH, HO o o oH

4 48% 4 4 4

diastereoisomers
if Ris chiral!

propeller-like skeleton. For chiral amines, inherently chiral diastereoisomers are observed.

C avity-containing supramolecular structures have found
numerous applications as sensors,' components of
sorption materials,” supramolecular catalysts,> and reaction
nanovessels.”> Such structures are often large and highly
ordered. The number of bonds that have to be formed during
their synthesis and the proper spatial arrangement requires
unusual precision that is rarely achievable in kinetically driven
processes. Therefore, an approach based on reversible reactions
is more effective. It facilitates postsynthetic error corrections
and allows the most thermodynamically stable structure to be
selected and amplified. For the synthesis of large, cavity-
containing structures, reversibility of the formation of
coordination bonds®™® or imine bonds'®'* has proven to be
highly beneficial. We envisioned that tetraformylresorcin[4]-
arene 2, possessing free OH groups, would be an important
intermediate for the construction of supramolecular assemblies
based on imine-forming reactions. The new features were
expected to come from the ability of the phenolic hydroxyl
group to participate in hydrogen bonding and tautomeric
equilibrium (keto—enol). This may introduce directionality and
cause the formation of chiral propeller-like structures. In this
paper, we describe the first successful synthesis of
tetraformylresorcin[4]arene 2 (unknown thus far, Scheme 1).
We also prove its great potential in the formation of a new type
of inherently chiral cavity-containing compounds'® based on
regioselective formation of keto—enol tautomers. Additionally,
we show that such dervatives can be efficiently formed by chiral
self-sorting.

Introduction of formyl functionalities into a preformed
macrocyclic skeleton is often problematic. Reactions that work
nicely on simple analogues do not transfer easily into
macrocyclic scaffolds. For example, the very simple supra-
molecular building block tetraformylresorcin[4]arene 2 has not
been known until now (Scheme 1). Although the synthesis of
its O-alkylated analogue was previously reported'*™'® using
tetrabromo-O-alkylated resorcinarene, BuLi, and DMF (or N-
formylmorpholine), a similar procedure cannot be applied to
obtain 2. Numerous attempts have been made by many

-4 ACS Publications  © 2013 American Chemical Society
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Scheme 1. Formylation of Resorcin[4]arene and the
Formation of Imines®

CHO
HO OH a HO OH b
— —
4 4
1 2
l? R
_N
HO OH
—_——
4
aR=Bn
b R = CH(CH3)Ph
¢ R =n-Oct a
enol-imine dR=Ph keto-enamine
3a-3e e R = CH(1-Naph)CH3 3a-3e

“Reaction conditions: (a) HMTA, TFA, see Table 1; (b) R-NH,,
CHCL,.

research groups to directly formylate resorcin[4]arene 1 using
other methods. The classical Reimer—Tiemann reaction
(CHCL;/KOH) was used with different substrate/reagents
ratios but failed for various resorcinarenes.”>*" Under Gross—
Rieche conditions (SnCl,, CLCHOCH;) mono- and diformy-
lation products were obtained in low yield (highest yield for
diformylated product was 13% using 65 equiv of a formylating
agent).”®”” The Duff reaction under classical conditions
(HMTA, AcOH) did not give product 2 in our hands. In
2012, Mendoza and co-workers reported on the beneficial
application of microwaves in the Duff formylation of calix[4]-
and calix[$]arenes in TFA.*> We applied this microwave
method to resorcin[4]arene 1 and obtained tetrasubstituted
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product 2 in 42% yield (Table 1, entry 1). Optimization of the
reaction conditions allowed for the substantial reduction the

Table 1. Synthesis of 2 (Scheme 1)

Cc(1) C(HMTA) time yield

entry (mM) (mM temp (°C) (h) (%)
1 0.03 114 120 (MW)® 1 2
2 0.16 114 120 (MW)* 1 48
3 0.15 114 100 (MW)“ 1 21
4 0.16 114 150 (MW)“ 1 23
S 0.16 1.14 120 1 44
6 0.16 1.14 120° 24 38
7 0.16 1.14 72 1 2
8 0.16 1.14 72 24 34

“Reaction in a sealed pressure vial, MW = microwave conditions.

amount of TFA and HMTA (Table 1, entry 2). Additionally,
we tested microwave-free conditions at the same temperature
(reaction in a sealed pressure vial). The product was obtained
in 44% yield (entry S). This result indicates that the microwave
heating is not mandatory for effective formylation. However,
under normal pressure and reflux conditions, the yield of 2 was
lower even for longer reaction times (entries 7 and 8). An
important feature of the developed synthetic procedure for
synthesis of 2 is a simple, precipitation-based isolation method
that allows for easy scale-up and therefore is highly beneficial
for future applications of 2 as a building block.

The 'H NMR spectrum of 2 in CDCl; reflects the C,
symmetry of the molecule. The signal for a formyl group is
observed at 10.3 ppm, and two separate OH signals appear at
8.4 and 13.1 ppm (at rt, Supporting Information). Such a large
difference between OH groups indicates a system of two
different intramolecular hydrogen bonds.”*** We assume that
the low-field signal (13.1 ppm) comes from an OH group
involved in hydrogen bonding with a carbonyl oxygen atom
(stronger acceptor, better geometry), while the higher field
signal (8.4 ppm) is for an OH group engaged in hydrogen
bonding between neighboring phenolic rings. Interestingly,
strong hydrogen bonding also leads to separation of signals for
the aromatic carbon (six signals are present; see the Supporting
Information). In a more polar solvent (DMSO-dg), only one
signal for the OH groups and four signals for the aromatic
carbon atoms are present, indicative of fast exchange between
the two forms (Supporting Information). The IR spectrum of 2
shows an intense absorption at 1639 cm™}, characteristic of an
aldehyde (Supporting Information).

Reaction of 2 with primary amines may lead to a variety of
products due to the large number of possible regioisomers (or
even atropoisomers) and also due to possible keto-enamine and
enol-imine tautomers. On the basis of literature examples, it is
not straightforward to predict the enol-imine versus keto-
enamine equilibrium for resorcin[4]arene. Simple monosub-
stituted N—salicglideneanilines exist predominately in enol-
imine forms.”**’ Stable keto-enamine forms are observed for
triimines of 2,4,6-triformylphloroglucinol (mixtures of re-
gioisomers)28 and diimines of 3,6—dif0rmylcatechol.29 However,
to the best of our knowledge there are no examples of
monoimines of 2-formylresorcinol. For previously reported
mono- and diformylresorcin[4]arenes the conclusions were
equivocal.”’

We tested the reactivity of 2 toward various amines including
aliphatic primary, secondary, and aromatic amines. For primary

amines (both aliphatic and aromatic), the imine formation
reactions proceeded smoothly without any catalyst in CHCI,.
All imine derivatives 3a—e have simple NMR spectra (Figure
1). It indicates that the products exist in a highly symmetrical,

f e, Ph d

c a
¥ L M | ‘
NH |
— Ol}k; / “ \ A [N 4“ “\7
f ¢, Ph odd c P2
3a \ ‘
‘\ ! il
NH OH | Jaw\ J YU
T
PPM 14 12 10 8 6 4 2

Figure 1. '"H NMR spectra of 3a and 3d (CDCl;, 600 MHz), The
asterisk denotes residual aniline; for atom numbering, see Scheme 1; g,
NCH,Ph protons.

single tautomeric forms. The number of 'H and "“C signals
indicates that all arms are equivalent. In all cases, there are six
different signals for carbon atoms of the resorcinol rings with
one highly shifted toward low field (at approximately 168
ppm). The 2D COSY spectrum of 3a detected coupling
between NH protons and f as well as g protons (Figure 2a).

a) M
_A .

-208.0

-206.0

-204.0

-202.0

1560 1540 1520 1500 1480 PPM
Figure 2. (a) Fragment of the '"H—'"H COSY spectrum of 3a (—25
°C) revealing the coupling between the NH proton and g and f
protons; (b) 'H—"N HSQC spectrum of 3e (—45 °C).

The spectra suggest exclusive (within the NMR detection limit)
formation of keto-enamine tautomers. Additionally, the
existence of 3a—e in keto-enamine forms was confirmed
using 'H-""N ¢g-HMBC and HSQC experiments. In the
spectra, the "°N signals were observed at —204.6 and —201.8
ppm for 3b and —184.2 ppm for 3d. The nitrogen signals for 3e
were observed at —206.8 and —203.7 ppm. For enol-imines,
SN signals are typically observed at —60 to —90 ppm.*® For
keto-enamines, '*N signals are shifted and usually observed at
—150 to —200 ppm.*’ The 'H—"N HSQC spectra of 3b and
3e confirmed that the proton resides at the nitrogen atom (with
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Figure 3. Inherently chiral forms of the keto-enamine tautomers of 3a—e (a) (R groups according to Scheme 1, R’ denotes isobutyl). Fragments of
"H NMR spectra of 3b (b) and 3e (c) showing the ratio of diastereoisomers (CDCl;, 600 MHz).

a typical coupling constants for a single bond of 70 Hz, Figure
2b).

The number of signals in the NMR spectra suggest that keto-
enamines 3a—e have C, symmetry, indicating that all double
bonds are formed highly regioselectively (Figure 3). The
stabilization of this high-symmetry structure comes from the
system of eight intramolecular hydrogen bonds (Figure 3).
Indeed, in the solution both labile protons are highly shifted
toward lower field (ca. 1S ppm and 13 ppm for NH and OH,
respectively). The X-ray structure of 3a also confirms the highly
regioselective formation of the C, symmetric keto-enamine
form (Figure 4 and Figure S34, Supporting Information). The

Figure 4. X-ray structure of keto-enamine 3a: (a) top view (lower rim
alkyl chains and solvent molecules were removed for clarity); (b)
formation of a noncovalent dimer in the crystal lattice.

structure shows a systematic variation of bond lengths involving
the whole keto-enamine fragment (Figure S35, Supporting
Information). For example, all of the postulated C=0 double
bonds were found in the range of 1.298—1.310 A, while all the
postulated C—OH bonds were found in the range of 1.354—
1.358 A. Additionally, the system of hydrogen bonds (based on
distances between non-hydrogen atoms) is also in agreement
with the suggested structure.

The C, symmetry of a keto-enamine form implies that the
whole molecule is propeller-shaped. This feature for cavity-
containing molecules is known as inherent chirality.”® Even
without any additional stereogenic centers the molecule is
chiral (although racemic for achiral amines). An additional
stereogenic center, for example, coming from the amine part,
should cause formation of diastereoisomers that can be
detected using NMR. In order to prove this, we used chiral
(R)-1-phenylethylamine. In the 'H and *C NMR spectra we
observed a double set of signals as compared with achiral
analogues. All signals were assigned using 2D NMR spectra and
are consistent with formation of two diastereoisomers of 3b at
45:5S ratio. Using a more bulky amine, (R)-2-naphthylethyl-
amine, diastereomeric induction is higher (dr 62:38 for 3e).
The 2D ROESY spectrum of 3b showed no correlation
between the two sets of signals. It confirmed that the signals do
not come from a single less-symmetrical form (e.g, C,
symmetrical). In order to find the possible chemical exchange
between two diastereoisomers, EXSY experiments were
performed using long mixing times (upper limit for EXSY
experiments is set by relaxation time T1, in this case T1 = 1.4
s). No exchange was detected in this experiment. This result
indicates that the diastereomeric C, symmetrical structures do
not undergo exchange on the NMR time scale, meaning that
the configuration of keto-enamines is quite stable. However, all
attempts to separate diastereoisomers by chromatographic
methods have been unsuccessful thus far.

A unique property of a dynamical system is the ability of self-
sorting. This property allows for selective formation of
thermodynamically favored structures even from complex
mixtures of reagents. We have tested the chiral self-sorting
abilities by application of racemic mixtures of chiral amines. For
(R,S)-1-phenylethylamine the resulting mixture consisted of
randomly substituted keto-enamines. However, for (RS)-2-
naphthylethylamine, the resulting mixture was identical to the
one obtained for a single enantiomer (both 'H and *C NMR,
see the Supporting Information). These results indicate that the
system is capable of very efficient self-sorting. Homochiral
structures of C, symmetry are thermodynamically preferred.
The plausible explanation of such preferences involves
combination of three elements: (a) unidirectional system of
hydrogen bonds; (b) regioselectivity of a keto-enamine form;
and (c) bulky naphthyl substituents that can be conveniently
arranged only in a propeller-like manner.

Application of secondary amines (e.g., diethylamine) in the
reaction with 2 led to complicated mixtures of products.
Although the enamine form is the only possible form for
secondary amines, the products lack stabilization via hydrogen

dx.doi.org/10.1021/jo4019182 | J. Org. Chem. 2013, 78, 11597—11601

http://rcin.org.pl



The Journal of Organic Chemistry

bonding. Additionally, test experiments with 2-formyl-4,6-di-
tert-butylresorcinol®> led to the formation of a mixture of
decomposition products. These experiments indicate that
stabilization by a system of hydrogen bonds is indispensable
for tautomeric equilibrium and regioselectivity of the imine
forming reaction.

In conclusion, we have applied a very simple, chromatog-
raphy-free procedure for formylation of resorcin[4]arene 1.
This new building block is effective in regioselective formation
of highly symmetrical imines. The imines of O-unprotected
resorcin[4]arene exist in keto-enamine forms. These features
have led to the formation of a new type of inherently chiral
cavity-containing compounds due to regioselective unidirec-
tional tautomerization. We predict that the resulting keto-
enamine resorcin[4]arenes have greatly expanded cavities as
compared to the parent resorcin[4]arenes due to coplanar
arrangement of keto-enamine fragments. They also have
modulated electronic properties as a result of the phenol
rings existing in keto forms. Additionally, we have shown that
the unidirectional pattern of keto-enamine groups have a great
potential to drive the homochiral self-sorting. This ability opens
up new possibilities into the construction of chiral cavitands
and capsules in a dynamical way.

B EXPERIMENTAL SECTION

Tetraformylresorcin[4]arene (2). Resorcin[4]arene (1) (0.606 g,
0.8 mmol) and urotropine (0.8 g, 5.7 mmol) were put in a 10 mL
pressure vial. TFA (5 mL) was added, and the vial was shaken
vigorously until the substrates were dispersed in the liquid. The vial
was then put in a microwave reactor (CEM Discover SP with an
infrared temperature sensor), heated to 120 °C with stirring for 1 h.
The resulting dark solution was poured into a flask containing
chloroform (25 mL) and aqueous HCI (25 mL, 1 M). The mixture
was stirred vigorously overnight. The organic phase was separated, and
the aqueous phase was washed with CHCl, several times (100 mL
totally). The combined chloroform extracts were dried over anhydrous
MgSO, and evaporated to dryness. The resulting crude precipitate was
washed with acetone (50 mL), filtered off, and vacuum-dried to afford
0.315 g of the yellow product (48%). Mp: 267 °C dec. '"H NMR
(DMSO-d,/400 MHz): & 10.89 (bs, 8H), 10.13 (s, 4H), 7.28 (s, 4H),
4.68 (t, 4H), 1.79 (t, 8H), 1.37 (m, 4H), 0.89 (d, 24H). '"H NMR
(CDCl,/500 MHz): & 13.14 (bs, 4H), 10.30 (bs, 4H), 8.35 (bs, 4H),
7.38 (bs, 4H), 4.48 (bt, 4H), 2.05 (bq, 8H), 1.46 (bm, 4H), 1.01 (bd,
24H). 3C NMR (DMSO-dy/100 MHz): 6 196.0, 157.4, 135.9, 123.5,
111.3, 44.1, 31.3, 26.3, 23.4. ®C NMR (CDCl;/125 MHz): § 207.0,
195.8, 156.4, 155. 9, 131.8, 123.6, 123.1, 110.6, 41.8, 30.9, 29.4, 26.1,
22.7. Anal. Calcd for C,gHs40;,-(CHCL,), (chloroform also found in
NMR spectra) (n = 1.17): C, 61.07; H, 5.50; Cl, 12.28. Found: C,
61.31; H, 5.99; Cl, 12.75. HRMS (ESI-TOF): caled m/z for
CysHsO,Na" [M + Na]* 847.3669, found 847.3652.

Formation of Imines 3a—e: General Procedure. Tetraformyl-
resorcinarene 2 (0.05S mmol, 41 mg) was put in a 2 mL pressure tube
along with chloroform (2 mL). Amine (0.2 mmol) was then added
with a syringe, the tube was sealed, and the solution was stirred. In a
matter of minutes after the addition of the amine, the solution turned
red and homogeneous. The solution was stirred overnight and
evaporated to dryness. The resulting precipitate was vacuum-dried to
afford the product (95—98% yield).

Imine (3a). '"H NMR (CDCl,/400 MHz): & 14.84 (bs, 4H), 11.57
(bs, 4H), 8.68 (s, 4H), 7.40—7.20 (bm, 24H), 4.66 (bdd, 8H), 4.58
(bt, 4H), 2.08 (bm, 4H), 1.96 (bm, 4H), 1.56 (bm, 4H), 0.99 (bt,
24H). 3C NMR (CDCl;/100 MHz): § 170.9, 163.0, 155.0, 136.1,
1317, 1292, 128.6, 128.4, 127.8, 117.7, 105.5, 56.2, 41.2, 30.7, 26.4,
23.5, 23.0. HRMS (ESI-TOF): caled m/z for C,¢HgsN,Og" [M + H]*
1181.6367, found 1181.6375.

Imine (3b). '"H NMR (CDCl;/600 MHz), mixture of diaster-
eoisomers (most signals overlapping): & 15.15 (bs, 8H), 11.53 (bs,
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4H), 1140 (bs, 4H), 8.67 (bs, 4H), 8.64 (bs, 4H), 7.40—7.15 (bm,
48H), 4.69 (bq, 8H), 4.59 (bm, 8H), 2.08 (bm, 8H), 1.96 (bm, 8H),
1.66 (bd, 24H), 1.57 (bm, 16H), 1.00 (bm, 48H). *C NMR (CDCl,/
100 MHz), mixture of diastereoisomers: & 170.5, 170.0, 161.3, 161.2,
155.1, 154.9, 141.9, 141.7, 131.6, 131.3, 129.2, 129.1, 128.5, 1283,
1282, 127.9, 126.6, 126.3, 118.0, 117.9, 107.5, 107.4, 61.8, 61.3, 41.2,
41.1, 30.71, 30.68, 2645, 26.41, 23.6, 23.48, 23.46, 23.05, 23.02.
HRMS (ESI-TOF): caled m/z for CgoHgsN,Og* [M + H]* 1237.6993,
found 1237.6998.

Imine (3c). '"H NMR (CDCl,/400 MHz): 6 14.34 (bs, 4H), 12.03
(bs, 4H), 8.51 (bs, 4H), 7.18 (bs, 4H), 4.59 (bt, 4H), 3.38 (bm, 8H),
2.06 (bm, 4H), 1.95 (bm, 4H), 1.56 (bm, 12H), 1.23 (bm, 48H), 0.99
(bt, 24H), 0.86 (bm, 12H). 3C NMR (CDCl;/100 MHz): § 172.4,
162.4, 155.2, 131.8, 129.0, 117.1, 107.2, 51.7, 41.1, 32.0, 30.8, 30.5,
29.4, 29.3, 26.8, 26.4, 23.5, 23.1, 22.9, 14.3. HRMS (ESI-TOF): calcd
m/z for CgoH ,sN,Og" [M + H]* 1269.9497, found 1269.9517.

Imine (3d). "TH NMR (CDCl,/600 MHz): § 16.28 (bs, 4H), 10.59
(bs, 4H), 9.11 (bs, 4H), 7.40—7.30 (20H), 7.21 (bt, 4H), 4.67 (t, 4H),
2.11 (m, 8H), 1.62 (m, 4H), 1.06 (bt, 24H). *C NMR (CDCl,/150
MHz): § 166.2, 157.2, 154.6, 142.6, 130.9, 129.6, 127.0, 126.9, 120.2,
119.6, 108.4, 41.3, 30.4, 26.2, 23.1, 22.8. HRMS (ESI-TOF): caled m/z
for C,,H,,N,Og" [M + H]* 1125.5741, found 1125.5747.

Imine (3e). 'H NMR (CDCl,/600 MHz), mixture of diaster-
eoisomers: A § 15.41 (bs, 4H), 11.41 (bs, 4H), 8.72 (bs, 4H), 7.99
(bd, 4H), 7.88 (bd, 4H), 7.80 (bd, 4H), 7.23 (bs, 1H), 5.52 (bq, 4H),
4.58 (bt, 4H), 2.06 (bm, 4H), 1.95 (bm, 4H), 1.80 (bd, 12H), 1.54
(bm, 4H), 0.97 (bdd, 24H); B 6 15.41 (bs, 4H), 11.59 (bs, 4H), 8.67
(bs, 4H), 7.92 (bd, 4H), 7.76 (bd, 4H), 7.40 (bt, 4H), 7.27 (bd, 4H),
7.21 (bs, 4H), 7.04 (bt, 4H), 5.45 (bq, 4H), 4.61 (bt, 4H), 2.08 (bm,
4H), 1.98 (bm, 4H), 1.75 (bd, 12H), 1.58 (bm, 4H), 1.01 (bdd, 24H).
Overlapping aromatic signals in the range from 7.56 to 7.44 ppm.
Their integration is consistent with four aromatic protons of A and
two of B. The integration of the corresponding signals for A and B is in
the ratio of A/B = 1: 1.4. 3C NMR (CDCl,/150 MHz), mixture of
diastereoisomers: 6 170.3, 169.7, 161.2, 154.9, 154.7, 137.7, 137.2,
1339, 133.8, 131.4, 131.1, 130.1, 129.8, 129.2, 129.0, 128.6, 128.2,
128.1, 126.7, 126.6, 125.83, 125.75, 125.63, 125.45, 123.7, 123.3,
1224, 117.9, 117.7, 107.5, 1074, 57.63, 57.58, 41.0, 40.9, 30.51, 30.46,
26.2,23.22, 2320, 23.19, 22.9, 22.82, 22.79. HRMS (ESI-TOF): calcd
m/z for Co¢H;)N,Og" [M + H]" 1437.7619, found 1437.7617.

Crystal data for 3a: Cy;,H;;,N,O, (32 X EtOH X (toluene), ),
M = 1457.88, orange prism, 0.35 X 0.21 X 0.14 mm?, triclinic, space
group P-1 (No. 2), a = 15.3492(3) A, b = 15.6210(4) A, ¢ =
17.0234(2) A, a = 89.136(2)°, = 80.277(2)°, y = 86.364(2)°, V =
4014.93(14) A% Z = 2, D, = 1206 g/cm® Fyy = 1566, Cu Ka
radiation, A = 1.5418 A, T = 100.01(10) K, 20, = 143.2°, 63014
reflections collected, 15485 unique (R, = 0.0608). Final GooF =
1.010, R1 0.0840, wR2 0.2447, R indices based on 13942
reflections with I > 206(I) (refinement on F*), 942 parameters, 26
restraints. Lp and absorption corrections applied, 4 = 0.602 mm™.
CCDC 965647 contains the supplementary crystallographic data for
this paper. This data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Abstract: Owing to their versatility and biocompatibility,
peptide-based self-assembled structures constitute valuable
targets for complex functional designs. It is now shown that
artificial capsules based on (-barrel binding motifs can be
obtained by means of dynamic covalent chemistry (DCC) and
self-assembly. Short peptides (up to tetrapeptides) are rever-
sibly attached to resorcinarene scaffolds. Peptidic capsules are
thus selectively formed in either a heterochiral or a homochiral
way by simultaneous and spontaneous processes, involving
chiral sorting, tautomerization, diastereoselective induction of
inherent chirality, and chiral self-assembly. Self-assembly is
shown to direct the regioselectivity of reversible chemical
reactions. It is also responsible for shifting the tautomeric
equilibrium for one of the homochiral capsules. Two different
tautomers (keto-enamine hemisphere and enol-imine hemi-
sphere) are observed in this capsule, allowing the structure to
adapt for self-assembly.

Self-sorting processes, which involve the formation of well-
defined subsystems from mixtures containing many different
components and facilitate the synthesis/organization of well-
defined functional structures, are universal in Nature. In
chemistry, the applicability of self-sorting is restricted by
requirements of high relative thermodynamic stability of
particular products and reversibility of their formation.! In
this regard, a combination of dynamic covalent chemistry
(DCC), which exploits reversible chemical reactions,” and
self-assembly, which is able to provide substantial stabiliza-
tion, has been recognized as a very useful method for
designing a variety of synthetic self-sorting systems.
Peptides, with their natural tendency to form specific
secondary structures and their capability to produce novel
biocompatible materials,” are valuable components of self-
sorting mixtures that are driven by self-assembly.”) However,
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short peptides remain challenging building blocks owing to
their inherent flexibility, which makes precise complemen-
tarity between interacting molecules (required to keep the
entropic costs of ordering as low as possible) difficult to
achieve. Nevertheless, short peptides can still become struc-
ture-ordering and biocompatible fragments of self-sorting
systems when their ordering is reinforced by interactions
provided by additional groups. Examples of such hybrid
designs have been illustrated by the groups of Otto"! and
Ulijn.! Among the possible peptide structural motifs, -
sheets are recognized as the most reliable secondary struc-
ture, and they are therefore predominately used in dynamic
self-sorting systems, producing various fibrous structures.**®!
The formation of discrete, well-defined peptidic structures,
such as virus-like cages, is more demanding and usually
requires either the use of larger protein motifs®® with
oligomerization properties programmed by genetic methods!”!
or the binding of small chemical molecules'” or metal-
mediated assembly.!'!! Although the construction of discrete
self-assembled structures using short peptides has already
been reported,'? their formation by means of dynamic
covalent chemistry remains an unexplored area. Herein, we
report the results of our efforts to create discrete capsules by
self-assembly and self-sorting of short peptides at the macro-
cyclic scaffold.

Tetraformylresorcin[4]arene 1 was used as a macrocyclic
scaffold as it possesses a proper vase-like shape and easily
reacts with aliphatic and aromatic primary amines to form
imines in a reversible process.'’! It has been reported that the
resulting imines quantitatively tautomerize to their keto-
enamine forms (Scheme 1a,b). Owing to the isomerism of the
double bond and the inherent chirality of the bowl-shaped
molecule, for an optically pure chiral amine, the formation of
six different isomers is possible (Table S1). However, a net-
work of intramolecular hydrogen bonds drives the equilibri-
um towards two diastereoisomers (with C, symmetry and
either M or P inherent chirality, Scheme 1b), albeit with very
low diastereoselectivity.!'!

Currently, we used the short peptides 2a-5 containing L-
or D-amino acids as the amine components of the imine
forming reaction. Sequences with alternating hydrophobic
(Phe) and hydrophilic (Gly) amino acids were chosen inspired
by natural B-barrels. It should be noted that attempts have
previously been made to construct self-assembled capsules
based on peptides covalently attached to calixarene-type
skeletons.™ Although many interesting applications have
been reported for these products (e.g., effective cell trans-
fection),!”) self-assembly was only detected in rare cases and
characterized by moderate association constants.'*! None of
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Scheme 1. a) Reversible imine formation with 1 and with various
peptides and reversible tautomerization. b) C,-symmetric diastereoiso-
mers.

these systems has been shown to assemble in a dynamic
covalent way.

The reaction of 1 with amino acid derivative L-2a, which
contains a methylamide-functionalized C terminus, yielded
a single diastereoisomer, namely L-6a (Scheme 1a). Thus, the
reaction proceeded with high regioselectivity and also high
diastereoselectivity (de >95%, based on NMR analysis).
Upon mixing of L-6a with its enantiomer p-6a in CDCI;,
anew set of signals emerged in the NMR spectrum in addition
to the original signals, indicating the formation of new,
heterochiral species (Figure 1b). In solution, they exhibited
average Sg symmetry with a substantially upfield-shifted
amide NH signal. ROESY and DOSY spectra (see the
Supporting Information, Figures S9 and S10, Table S2) indi-
cate that the heterochiral species are capsular hydrogen-
bonded dimers of the composition (L-6a)(D-6a) with K,
~180M™"' (calculated from the NMR spectrum; Figure S8).
X-ray analysis confirmed that the dimer (L-6a)(p-6a) had
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Figure 1. Heterochiral capsules obtained by self-sorting. a) Formation
of capsules by self-assembly of pre-synthesized hemispheres (top) or
by self-sorting (bottom). b) 'TH NMR spectra of L-6a (top), a mixture
containing L-6a and p-6a (middle), and of the reaction mixture of the
self-sorting process leading to (L-6a)(p-6a) (bottom). @: Peaks that
are due to the non-associated hemisphere. Spectra recorded in CDCl,
at 298 K and 400 MHz. c¢) "H NMR spectra of L-8 (top) and of the
reaction mixture of the self-sorting process leading to (L-8) (D-8)
(bottom). Spectra recorded in CDCl; at 298 K and 600 MHz.

* —NH, e

been formed by interdigitation of the peptide backbones and
was sealed by a seam of hydrogen bonds (Figure 3a) as also
postulated for the species in solution. In the solid state, the
seam of hydrogen bonds is partially disturbed by the
protruding guest molecules (toluene).

To explore the self-sorting ability, we carried out a one-pot
reaction between 1 and a racemic mixture of L-2a and D-2a
(Figure 1a). It should be noted that the statistical yield of
heterodimer (L-6a)(D-62a) was expected to be (2/2%) x 100%
~0.78 %. However, in this case, the reaction gave a mixture
that was identical to that obtained in the self-assembly
experiment (as demonstrated by the identical 'H and
BCNMR spectra, Figure 1b and Figure S7), indicating
social chiral self-sorting (“non-self”, i.e., occurring between
different species).'® To confirm that this chiral self-sorting
process was driven by self-assembly, control experiments
were carried out with amino acid derivatives 2¢ or 2d, which,
upon reaction with 1, gave products incapable of self-
assembling. In both cases, complicated product mixtures
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were obtained, indicating that no chiral sorting had occurred
in the absence of self-assembly (Figure S17 and S18). Addi-
tional control experiments were also performed to demon-
strate the reversibility of the imine formation reactions
(scrambling experiments, Figure S19).

In the case of dipeptides L-3 and D-3, the reaction of
1 with either enatiomerically pure L-3 or with a racemic
mixture of L-3 and D-3 led to products having identical NMR
spectra (Figure 2a,b, Figures S22, S23). 2D NMR spectra
indicated that capsular homochiral self-assembled dimers
were formed exclusively in both reactions [i.e., (L-7)(L-7") for
enantiomerically pure L-3]. Therefore, the reaction pro-
ceeded with complete chiral narcissistic self-sorting (“self”,

o o
W

o:
or R R

H 4

0 o: 0 o
o o

o o o:
R R R R

N NH; H,
L

LT)(L-T) 1 LTW-T)  (©7)(DT) p3L3 b5 L-
(L-9)2 (L-9)2 (0-9)2
b
CHimine
NHenamine
OH
T T
13.0
[of
CHenamine
NHenamine OH “ A" l
AT
' 125 ' 105

hemisphere A

hemisphere B

Figure 2. Homochiral capsules obtained by self-sorting. a) Formation
of capsules by self-assembly of hemispheres (left) or by self-sorting
(right). b) "H NMR spectrum of (L-7) (L-7"). Blue: signals of the enol-
imine form; green: signals of the keto-enamine form; black: over-
lapping signals. *: =NH,.e.. Spectra recorded in CDCl; at 298 K and
600 MHz. c) "H NMR spectrum of (L-9), (CDCl,, 298 K, 600 MHz). *:
—NH,nige- d) X-ray structure of (p-7) (p-7’). €) Enlarged structure of the
keto-enamine part of (D-7)(p-7'). f) Enlarged structure of the enol-
imine part of (p-7) (p-7'). Gray dashed lines: hydrogen bonds; orange
dashed line: short non-covalent interactions.
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occurring between the same species)'® and with a high
dimerization constant as no monomeric products were
detected. Even though the two hemispheres of dimer (L-
7)(L-7") were chemically equivalent, they were not identical,
as the imine linkers were present in different tautomeric
forms. One of the hemispheres contains four linkers in the
typical keto-enamine forms. This hemisphere exhibits a *N
NMR signal at —205 ppm (characteristic of an enamine) and
a set of BCNMR signals characteristic of a ketone
(6 170.6 ppm for the ketone C atom). On the other hand,
the opposite hemisphere features linkers in their enol-imine
forms, an unknown occurrence for compounds of this type.
The enol-imine hemisphere exhibits a "N NMR signal at
—103 ppm (typical for an imine) and *C NMR signals at
typical values for an enol (Figure S20-S25).

The structure of the capsular dimer (L-7)(L-7") was also
confirmed by X-ray analysis (Figures 2d-f, 3b). The sample
was crystallized from a reaction mixture containing 1 and
racemic dipeptide (L-3 and D-3). The crystals of the product
exhibited the centrosymmetric space group P4/n meaning that
both enantiomers are present in the structure. However, each
single capsule consists of eight dipeptides of the same
chirality. This observation corroborates that narcissistic
chiral self-sorting has taken place. The dimer is sealed by
a seam of twelve hydrogen bonds between the peptide
backbones. Comparative analysis of the bond lengths, torsion
angles, and non-covalent interactions indicates that the two
hemispheres indeed have different tautomeric forms. The
keto-enamine hemisphere (A, Figure 2e) was characterized
by four of the C,—O bonds being substantially shorter than
the remaining four, an asymmetric bond-length distribution
for the dearomatized rings, and a co-planar arrangement of
the rings with respect to the enamine moiety. The enol-imine
hemisphere (B, Figure 2 f) displays C,,—O bonds that are all of
the same length and considerably twisted arrangements of the
aromatic rings and the imine moieties. Thus, the X-ray
structure confirms the homochiral arrangement of (D-7)(D-7')
with one of the hemispheres assuming a more flexible, albeit
less preferred, enol-imine tautomeric form to adapt for self-
assembly.

The self-sorting experiments were also carried out for tri-
and tetrapeptides. For the tripeptide, the reaction between
1 and enatiomericaly pure L-4 or D-4 proceeded (as indicated
by TLC), but the homochiral products were not soluble in
CDCl;, presumably owing to non-specific aggregation. On the
contrary, the reaction between 1 and a racemic mixture of L-4
and D-4 gave a single product, which was was identified by
ROESY and DOSY spectroscopy as heterochiral dimer (L-
8)(D-8) (Figure 1c; see also Figures S32 and S34 and
Table S2). The capsular structure of (L-8)(D-8) was also
confirmed by X-ray crystallography (Figure 3¢). In the solid
state, the binding motif involves the formation of 24 hydrogen
bonds. The structure is self-complementary, that is, all
possible hydrogen bond donors and acceptors are involved
in interactions with neighboring peptide chains. A similar
binding motif was also postulated in solution based on
ROESY spectroscopy (Figure S32). In contrast to the pre-
vious capsules, the internal cavity of the (L-8)(D-8) capsule is
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http://rcin.org.pl


http://www.angewandte.org

Angewandte

imemationalediion . CEIMIE

Figure 3. Structures of the peptidic capsules. X-ray structures of a) (L-6a)(p-6a), b) (p-7) (p-7’), and c) (L-8) (p-8). d) Modelled structure of (L-9),.
e) Experimental NOE correlations for (L-9),. H atoms attached to C atoms omitted for clarity. Carbon gray or pale blue, hydrogen white,
nitrogen blue, oxygen red. Green surfaces: molecular surfaces of the interior of the capsules calculated with the Chimera program using the

MSMS method with a probe size of 1.4 A.

quite spacious (883 A%), offering the possibility of accommo-
dating suitable guest molecules.

Self-assembled capsular dimers were also formed by self-
sorting using tetrapeptides L-5 and D-5. Similarly to the
dipeptides, tetrapeptides L-5 and D-5 also gave homochiral
dimers, (L-9), and (D-9), (Figure 2a,c). Dimer (L-9), has the
lowest diffusion coefficient among all of the capsules pre-
sented herein (Table S2), in agreement with the largest radius
of the species. The observed NOEs indicated deep interdigi-
tation of the peptide chains and suggested a binding motif
resembling the previous barrel structures (Figure 3d,e; see
also Figure S39, Table S2). In the current homochiral struc-
ture, the change in the tautomeric form and the deep self-
encapsulation of the terminal methyl groups, as observed for
the smaller homochiral (L-7)(L-7") dimer, were not observed.
This can be attributed to the higher flexibility of a tetrapepti-
dic structure, which allows for adaptation without sacrificing
its most stable tautomeric form.

The self-sorting phenomenon was observed not only
between peptides of different chirality but also between
peptides of different lengths (Figure S42). This observation
underlines the importance of precise complementarity of
binding motifs for effective self-sorting. Similarly, comple-
mentarity of the binding motifs for peptides with even and
odd number of amino acids provides a tentative explanation
for homochiral versus heterochiral selectivity (Figure S43).

In summary, we have designed and synthesized new self-
assembled capsules based on short peptides of various
chiralities. A great advantage of the approach, which com-
bines dynamic covalent synthesis with self-assembly, is that
through the use of very short sequences and a macrocyclic
skeleton that provides additional preorganization, it is
possible to induce self-organization of complex nanosized
chiral molecular containers. The dynamic character of a cova-
lent linkage offers unique possibilities for controlling inte-
gration—disintegration processes. Together with potential
encapsulation properties, dynamic libraries of such peptidic
capsules constitute a promising approach for the development

Angew. Chem. Int. Ed. 2014, 53, 13760—-13764
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of new materials with the prospect of gaining properties, such
as controlled cargo-release or chirality-driven self-healing.
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Mechanochemical Encapsulation of Fullerenes in Peptidic
Containers Prepared by Dynamic Chiral Self-sorting and Self-

assembly

Marek Szymanski,?'T Michat Wierzbicki,™* Mirostaw Gilski,”® Hanna Jedrzejewska,® Marcin
Sztylko,™ Piotr Cmoch,™ Aleksander Shkurenko,™ Mariusz Jaskoélski,**“ and Agnieszka Szumna*®

Abstract: Molecular capsules composed of amino acid or peptide
derivatives  connected to resorcin[4]arene scaffolds via
acylhydrazone linkers were synthesized using the dynamic covalent
chemistry (DCC) and hydrogen-bond-based self-assembly. The
dynamic character of linkers and preference of peptides to self-
assemble into B-barrel-type of motifs lead to spontaneous
amplification of formation of homochiral capsules from mixtures of
different substrates. The capsules have cavities of ca. 800 A® and
exhibit good kinetic stability. Although they retain the dynamic
character, allowing processes such as chiral self-sorting and chiral
self-assembly to work with high fidelity, guest complexation is
hindered in solution. However, quantitative complexation of even
very large guests, such as fullerenes Cgo 0r Cyg, is possible with the
utilization of reversible covalent bonds or application of
mechanochemical methods. The NMR spectra show the influence of
the chiral environment on the symmetry of the fullerene molecules,
resulting in differentiation of diastereotopic carbon atoms for C7o, and
the X-ray structures provide unique information on the modes of
peptide-fullerene interactions.

Introduction

The chemical diversity and biocompatibility of peptides have
stimulated intensive research on their ‘application as
supramolecular building blocks in the field of artificial
nanomaterials. Numerous examples of the application of
peptide-based synthetic materials have been reported, including
targeted drug delivery systems,™ materials for regenerative
medicine, retroviral gene transfer, and even capturing carbon
dioxide from fuel gas.®! However, relatively long peptidic or
peptidomimetic  sequences” or presence of additional
interacting groups are required to obtain predictable and
functional 3D structures. Consequently, practical applications of
peptidic building blocks are often limited by their synthesis.® In
this regard, the utilization of relatively easily available, modified
short peptides has proven to be more practical.®” A promising
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but largely unexplored approach involves combination of short
peptides with dynamic covalent chemistry (DCC). This approach
can take advantage of the natural tendency of peptides for self-
assembly as well as of the reversible character of chemical
reactions, in order to amplify the formation of complex functional
structures.[”! Dynamic structures based on peptides can also
potentially benefit from the unique features of the DCC approach,
such as the possibility  of  self-sorting, ligand-
templating/complexation and self-healing. However, they also
present significant challenges, such as the need to strike a
balance between the kinetic and thermodynamic parameters, or
the need to control the flow of energy to the system in order to
cross various energy barriers.

In this paper we present the formation of new, highly stable and
yet dynamic peptidic capsules and show various ways to cross
energy barriers for covalent and non-covalent processes
(reversible chemical reactions, self-assembly and complexation).
Our de novo designed capsules have acylhydrazone linkers and
peptides connected using their C-termini which results in
enhanced kinetic and thermodynamic stability. On the other
hand, high stability implies the existence of large energy barriers
that hamper complexation of guests. We show that the barriers
can be surmounted by the utilization of the reversible character
of covalent bonds or by mechanochemical methods. Although
the mechanisms of chemical processes under extreme
mechanical forces are still poorly understood,
mechanochemistry has recently demonstrated its high potential
in controlling supramolecular and dynamic systems.®! Wwe
conclusively demonstrate effective complexation of non-intuitive
guest molecules, fullerenes Cg and Cyo, inside our peptidic
capsules and analyze fullerene-peptide interactions.

Results and Discussion

Design and synthesis

We have previously demonstrated that short peptides can serve
as building blocks for dynamic formation of capsules, provided
that they are properly preorganized by, for example, connection
to a macrocyclic skeleton.” The peptides have been connected
to the scaffolds by imine linkers using their N-termini. However,
intrinsically low energy barrier for the imine formation/hydrolysis
reaction precluded further applications of such capsules for
complexation (under ambient conditions, the imine linkers were
prone to disruption even by simple neutral molecules). A new
generation of dynamic peptidic capsules was designed using the
resorcin[4]arene scaffold 1% and peptidic fragments (2a — 3b)
connected via acylhydrazones as dynamic linkages (Fig. 1). The
acylhydrazone linkers display an excellent balance between
facile reversibility and stability as suggested™ and exploited by
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the group of Sanders."? Additionally, acylhydrazones are
compatible with water and biological environments™ and their
formation can be catalyzed under mild conditions in media of
various pH.' It should be noted that simple aromatic
acylhydrazones attached to resorcinarene scaffold have been
previously used for the formation of molecular capsules,
however, not in a dynamic way.*®

a) R
H
GHO HN™ O
HO OH !
=N
L- or D-2a-3b HO OH
4
1
L-2a Ac-L-Phe-NHNH, L-4a
D-2a Ac-D-Phe-NHNH: D-4a
L-2b Ac-L-Val-NHNH» L-4b
D-2b Ac-D-Val-NHNH, D-4b
L-3a Ac-Gly-L-Phe-NHNH; L-5a
D-3a Ac-Gly-D-Phe-NHNH,  D-5a
L-3b Ac-Gly-L-Val-NHNH, L-5b
D-3b Ac-Gly-D-Val-NHNHz D-5b

b) Af\
3

0] NH
N\.f
HO OH
d
e
c~b-?8

PPM  11.5 9.5 7.5 5.5 3.5 1.5

Figure 1. (a) Synthesis of acylhydrazones; (b) full chemical structure of a
capsule hemisphere, with numbering scheme. The front arm is shown in heavy
line, the remaining ones, shown in perspective, are in gray; (c) 'H NMR
spectrum of (L-5a), (CDCls, 300 K, 600 MHz).

The peptide hydrazides 2a — 3b were synthesized using
EDCI/OXYMA peptide coupling strategy (Sl). Reaction of 1 with
peptide  hydrazides 2a - 3b gave tetrasubstituted
acylhydrazones 4a — 5b in high yields (85-97 %, Fig. la).
Control experiments were performed in order to check the
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reversibility of the reaction under the current conditions. When L-
4a was mixed with L-4b and heated at 70°C for 7 days,
scrambling of the acylhydrazone fragments was observed,
indicating the reversibility of the reaction under such conditions
(Fig. S24 - S28).

Isomerism

Acylhydrazones 4a — 5b have many possible isomers including
regioisomers, tautomers and atropoisomers. The isomerism
originates from keto-enol and amide-iminol tautomerism and
from E/Z isomerization of the double and partially-double bonds
at various positions. All the isomerization processes have been
previously reported for analogous functional groups.® In the
present case, the acylhydrazones 4a — 5b exhibit simple *H and
13C NMR spectra in non-polar solvents, consistent with the C,
symmetry of the molecules assuming single tautomeric forms in
all arms (Fig. 1c). Analysis of the *H-**N and *H-**C HSQC and
HMBC spectra for 4a — 5b allowed us to determine the positions
of the hydrogen atoms and thus to assign the specific tautomeric
forms (SI). For all 4a = 5b products, the resorcinol rings exist in
enol forms and the acylhydrazone groups assume the amide
forms (Fig. 1b). X-ray crystal structures of 4b and 5a also
confirmed that all the C4-OH bonds are of the same length,
indicating the enol form of the resorcinol rings. It should be
noted that the tautomeric form of the resorcin[4]arene skeleton
in the case of acylhydrazones 4a — 5b is different from the keto-
enamine form reported previously for the peptidic capsules
based on imine linkages.™

Self-assembly

The NMR spectra and X-ray structures confirm that all the
synthesized peptidic acylhydrazones 4a - 5b form self-
assembled capsular dimers in solution and in the solid state.
ROESY spectra of acylhydrazones 4a and 4b (amino acid
derivatives) show the ROE effect between protons f and h in
both cases (Fig. S5 and S10). For acylhydrazones 5a and 5b
(dipeptides), ROE was observed between protons f and h,h”
(Fig. S15 and S20). Proximity of these protons is consistent with
the formation of self-assembled structures. Additionally, the
diffusion coefficients observed for the present acylhydrazones
are similar to the values reported for other dimeric capsules
(Table S1). All these findings strongly suggest that in solution
the acylhydrazones exist as dimers.

The X-ray crystal structure of (D-4b), confirms the formation of
self-assembled dimers with two hemispheres interacting via
hydrogen bonding between their peptide backbones (Fig. 2a).
The hydrogen bonding motif involves the formation of four pairs
of antiparallel strands, resembling the antiparallel B-sheet
binding motif in a B-barrel (Fig. 2c and 2e). The conformation of
the peptidic chains also corresponds to typical Ramachandran
angles of natural B-sheet structures (¢ = -118.4°, y = 107.2°).
The inter-strand hydrogen-bonded cycles are formed as 10-
membered rings (orange motif). Notably, the binding motif is not
fully complementary; the strands are grouped pairwise, with
unmatched amide groups (Fig. 2a), which act to bridge the
paired-strands through the recruitment of hydrogen-bonded
ethanol molecules.

http://rcin.org.pl
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Figure 2. X-ray crystal structures of (D-4b), (a,c) and (D,L-5a), (b,d), with characteristic binding motifs; (e) schematic representation of the capsules and the f-
sheet binding motifs, illustrating the differences in the relative arrangement of the peptide chains. NMR monitoring of the exchange of hemispheres. 'H NMR
spectra of: (f) (L-4b),; (9) (L-4a); (h) (L-4a), + (L-4b), after 3 days, (i) (L-4a), + (D-4b), after 3 days (CDCl;:MeOH 95:5, 300 K, 600 MHz). Chiral self-sorting
during synthesis. "H NMR spectra of: (j) (L-4a),; (k) (L-4b)y; (1) (L-5a)2; (m) the product of the reaction of 1 + L-2a + L-2b; (n) the product of the reaction of 1 + L-2a
+ D-2b; (0) the product of the reaction of 1 + L-2b + L-3a; (p) the product of the reaction of 1 + L-2b + D-3a (reaction conditions: 7 days, 70°C, CHCI3; NMR

spectra in CDCl3, 300 K, 600 MHz).

The X-ray structure of (D,L-5a), (Fig. 2b) also confirms the
formation of a dimeric self-assembled capsule. The binding motif
also involves the formation of four antiparallel B-sheet “pairs of
strands” (Fig. 2d). However, an important difference between the
binding motifs of capsules (D-4b), and (D,L-5a), is that in the
latter case the inter-strand pairing leads to the formation of 14-
membered rings (Fig. 2d and 2e, blue motif). The second amino
acid residue in each strand (Gly) plays a less defined role as it
interconnects the “pairs of strands” or mediates interactions with
other capsules and solvent molecules in the crystal. It is
important to note that although the sample was crystallized from
a racemate and the space group is centrosymmetric, each
individual capsule contains only homochiral hemispheres. This

strongly suggests a preference towards the formation of
homochiral dimers for the dipeptidic acylhydrazones.

Stability

In order to probe the stability of the dimers and preference for
chiral self-assembly, we analyzed two mixtures of capsules: (L-
4a); + (L-4b); (homochiral mixture) and (L-4a); + (D-4b),
(heterochiral mixture) in various media. In CDCls at rt, *H NMR
spectra remained unchanged in both cases even after 7 days.
Heating of the mixtures results in covalent scrambling, without a
stage when hybrid capsules made of two different hemispheres
could be detected. To promote non-covalent exchange of the
hemispheres, a small amount of a polar solvent was added (5%
viv MeOH). After 3 days, the equilibration process has led to the
formation of a statistical mixture of hybrid capsules in the case of
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the homochiral mixture (Fig. 2h) whereas no change was
observed in the composition of the heterochiral mixture (Fig. 2i).
These results provide further evidence of the existence of the
dimeric forms in solution, even after addition of polar solvents.
They also indicate that homochiral dimers are highly preferred.
Additionally, it should be noted that the self-assembled dimers
have an unusually high kinetic stability in a non-polar solvent
(CDCls) and relatively slow rates of hemisphere exchange (days)
even after the addition of polar solvent.

Self-sorting

Various types of calixarene-based molecular capsules have
shown self-sorting abilities at the stage of their non-covalent
self-assembly.*” There are also several examples of using
peptides to induce chiral self-sorting.”*® However, a
combination of non-covalent stabilization and of the dynamic
character of chemical reactions that leads to effective self-
sorting already at the stage of covalent synthesis of such
capsules, have only been reported by us for imine-based
capsules.”! In the present work, we performed a series of
experiments to test the possibility of self-sorting for hydrazide
substrates with different lengths and different chirality. For the
reaction of 1 with a mixture of hydrazides of the same length but
different chirality, e.g. L-2a + D-2b, exclusive formation of
homochiral dimers was observed (Fig. 2n and S30-32) in
agreement with previously observed preference towards
homochiral dimers (by both X-ray diffraction and solution
experiments). Effective chiral self-sorting also took place when
racemic mixtures of dipeptidic hydrazides were used, e.g. L-3a

+D-3a, resulting in exclusive formation of homochiral dimers (Fig.

S30f). However, when a mixture of hydrazides having the same
length and the same chirality was used, e.g. L-2a + L-2b, no
sorting was observed (confirmed also by *C NMR, ESI MS and
HPLC, Fig. 2m and S30-32). These results indicate that chirality
of peptides governs the self-sorting process. The lack of self-
sorting in the case of using two peptides of the same chirality
excludes the possibility that self-sorting is caused by interactions
that are specific for these two particular peptides (e.g. C-H--w
interactions between Val and Phe side chains).

A plausible explanation of the amplification of homochiral
capsules over heterochiral or mixed capsules may involve a
concurrent involvement of various factors, for example: (1)
preference of acylhydrazone linkages towards planar E
conformation about N-N bond (99.6% of the structures based on
CSD search, Fig. S49, and structures presented in this paper)
and (2) conformational preferences of peptides within B-sheet
binding motif according to the Ramachandran plot (especially for
val).*®

Interestingly, no self-sorting was observed based on the length
of the peptides. A reaction of 1 with a mixture of L-2b + L-3a
(hydrazides of different length but the same chirality) led to a
mixture of many products (Fig. 20). However, reaction of 1 with
a mixture of L-2b + D-3a (hydrazides of different length and
different chirality) led to a well-defined mixture of only two
products (L-4b), + (D-5a). (Fig. 2p). Thus, in the present case,
only the chirality but not the length of the peptides plays a critical
role in self-sorting. This is an intriguing observation since
complementarity of the binding motifs is the key factor in the
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self-sorting processes, resulting in the amplification of products
composed of substrates with the same lengths.
Complementarity is especially important for conformationally
labile substrates, and, in fact, high fidelity self-sorting based on
length was previously observed for imine-based peptidic
capsules.”! In the present case, the lack of length-dependence
can be explained by a comparison of the binding motifs for
capsules (L-4b), and (D,L-5a).. In both capsules, the conserved
binding motifs involve only the first amino acid residue in each
strand. The presence of a second amino acid residue, Gly, in
(D,L-5a),, does not lead to any significant elongation of the (D,L-
5a), capsule compared to capsule (L-4b). since it only forms
additional interconnections between the “pairs of strands”.
However, the binding motifs in (L-4b), and (D,L-5a), are slightly
different (Fig. 2e). The difference can be minimized provided a
twist of the hemispheres with respect to each other is possible,
resulting in a change of the binding motif from a 10-membered
to 14-membered hydrogen-bonded ring. Assisted by such a
rotation, strands composed of amino acid derivatives and
dipeptides could easily fit into the same binding motif, leading to
ineffective length-based self-sorting.

Complexation

The cavity volumes of capsules were estimated using two
different procedures. The calcVoid procedure™ implemented in
OLEX2P? gave 801 A® for (D-4b), and 758 A® for (D,L-5a),
(default solvent radius 1.42 A, shrink truncation radius 1.42 A).
The Spaceball program®®! gave a value of 830 A® for (D-4b),.
Based on shape and size complementarity, we predicted that
fullerene Ceo (V = 549 A% can fit into these cavities. Fullerene
is also considered a good probe for monitoring intrinsic open-
close processes of capsules due to its size and lack of highly
directional interactions with capsule external surface.
Complexation experiments in CDCls did not show any traces of
Ceo encapsulation within the (L-4a), or (L-5a), capsules, even
after several weeks (at rt and at 70°C). The complexes also
failed to form after the addition of various amounts of MeOH,
which was shown to promote capsule disassembly. However,
when reaction between 1 and hydrazides L-2b or L-3a was
carried out in the presence of stoichiometric amounts of Cg Or
Cro, quantitative formation of the respective complexes Ceo  (L-
4b),, Ceo < (L-5a),, and C;o — (L-5a), was observed. The
formation of these complexes was unambiguously confirmed by
clear new sets of signals in the *H and **C NMR and ESI MS
spectra (Fig. 3a-g and S35-S39). After the complexes have been
formed, the fullerenes are not released even under the
conditions at which covalent scrambling is observed for free
capsules (CDCls, 7 days, 70°C).

These results indicate that the capsules have high
thermodynamic affinity towards complexation of Cgo and Cyo,
therefore the equilibrium is shifted towards formation of
complexes. However, complexation of these guests is hedged
by a high kinetic barrier that precludes complexation inside the
capsules that have already been formed. But the complexation
also doesn’t proceed under the specific conditions for which
covalent scrambling occurs (exchange of peptidic arms by
rupture of covalent bonds). It may be rationalized assuming that
covalent scrambling proceeds through “one-at-a-time
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mechanism”, i.e. at a single moment only one or two arms are
removed while the rest of the capsule remains intact. Therefore,
even though covalent scrambling proceeds, complexation or
release of large fullerene guest is still hampered, because it
requires a considerable opening. Although complexation of
fullerenes by the pre-assembled capsules did not proceed in
solution, successful complexation could be achieved using
mechanochemical methods in the solid state. When a mixture of
(L-5a); and Cgo was ball-milled for 1 hour, complexation of Cego
was observed. This result indicates that mechanochemical
methods can be valuable tools for loading cargo into molecular

PPM 4.4 [ ] 2.8

PPM 150 140 130
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capsules of high kinetic stability, and that they are able to
overcome kinetic barriers more effectively than in solution.
Although mechanochemical encapsulation in micelles or
liposomes is widely known, to the best of our knowledge, this is
the first demonstration of mechanochemically induced
encapsulation in molecular containers. The mechanism of action,
as in many other mechanochemical processes, remains mostly
unknown. We think that explanations involving conformational
changes and/or chemical reversibility under mechanochemical
conditions due to local overheating are plausible.

-25 kcal/mol =

I 25 kcal/mol

Figure 3. Complexation of fullerenes shown by 'H NMR (a-d) and Bc (e-g) NMR spectra of: (a) (L-5a),; (b) (L-5a), + Cso after ball-milling; (c) the product of the
reaction of 1 + L-3a + Cqgo; (d) the product of the reaction of 1 + L-3a + Cyo; (€) the product of the reaction of 1 + L-3a + Ce; (f) the product of reaction of 1 + L-3a +
C+0; (g) C70 (0 capsules, « free fullerene, o encapsulated fullerene, CDCl;, 600 MHz, 300 K). X-ray crystal structures of: (h, j) Ceo < (D-5a), and (i, k) C7o < (D-5a),.
The capsules are shown in stick representation and the fullerenes as van der Waals surfaces. The surfaces in (j,k) are color-coded for host-guest contacts after
subtraction of the sum of the van der Waals radii, as red (<0 A), white (=0 A) and blue (>0 A). The scale in the top and bottom panels is different for better
visibility. The lines and angle in (i) show the mutual orientation of the principal axes of C;, and (D-5a).. (I) Electrostatic potential mapped onto a total electron
density isosurface of monomeric acylhydrazone (ab initio calculations, DFTB3LYP).

The Cgo = (L-5a), complex was characterized by NMR and X-ray
crystallography (Ceo < (L-5a)2, and Cg < (D-5a), are
enantiomeric but otherwise identical, Fig. S42). In the **C NMR
spectrum, the signal of encapsulated Cgs appears as a sharp
singlet shifted upfield by 2.0 ppm compared to a free guest
molecule (Fig. 3e). The symmetry rules for Cso predict that all
carbon atoms are homotopic, therefore, their chemical shifts are
not differentiated upon encapsulation in a chiral capsule. The
presence of a single signal for encapsulated Cgo indicates that
spinning of the fullerene within the capsule is fast on the NMR

timescale. Despite this high rotational freedom in solution, in the
solid state the guest molecule is perfectly ordered. The Ceo
molecule in the crystal structure was modeled and refined using
only two soft geometrical restraints (SADI for equivalence of the
two unique C-C bonding distances) and the experimental
electron density showed a well-resolved guest structure at full
occupancy (Fig. 3h, S46). A van der Waals representation of the
host-guest complex indicates that the geometric match is very
good. However, the intramolecular distances between the host
and guest molecules are systematically higher than the sum of
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the corresponding van der Waals radii (Fig. 3j). Interestingly, the
closest distances are observed between Cg and the
acylhydrazone groups (3.37 A for Cruerene...C=N).

In contrast to Cso complexation, the larger Cs guest complex
could be just barely detected even after prolonged
mechanochemical procedures. However, the fullerene molecule
could be stoichiometrically complexed when the chemical
reaction of 1 and L-3a was carried out in the presence of Cz. A
comparison of the *C NMR spectra of free C7o and Cro (L-5a),
shows significant complexation-induced shifts and symmetry
changes. The *C NMR spectrum of Cyz — (L-5a); contains
seven signals of equal intensity that were attributed to
complexed Crq (Fig. 3f). The spectrum of free Cs, contains five
signals, two of which have doubled intensity in accordance with
the Dsn symmetry (in all solvents reported, including the
spectrum in CDCl3 recorded in this work, Fig. 3g). The change of
symmetry upon complexation can be attributed to the influence
of the chiral environment. In chiral environments, enantiotopic
carbon atoms (related by mirror planes) become diastereotopic
and have different chemical shifts. Thus, the resulting symmetry
of Cyo in a chiral environment is Ds. In addition, hindered rotation
of C7o within the cavity would result in further lowering of the
symmetry of both the C7, guest and the capsule. Since such a
symmetry reduction is not observed here, it must be concluded
that the tumbling of C7o in the cavity is fast. The X-ray crystal
structure of Czo < (D-5a), shows a well resolved C7o molecule
inside the cavity. Interestingly, the long axis of the Czo prolate
spheroid is not aligned with the long axis of the capsule but has
a ~29° tilt (angle in Fig. 3i). A comparison of the three X-ray
structures: (D-5a),, Ceo < (D-5a), and of C;oc (D-5a),, indicates
that, in all cases, the capsule skeleton has highly similar
geometry with symmetry close to C, (deviations < 1%, Fig. S48
and Supplementary movie). The association motif is conserved
and the internal cavity volumes are similar in all structures. This
indicates that the tilting of C+o inside the cavity is not caused by
a distortion of the capsule’s shape, induced, for example, by
packing forces or, indeed, by the guest molecule itself. The tilt
must result, therefore, from favorable host—guest interactions.
Indeed, analysis of the van der Waals contacts indicates that the
host—guest distances are shorter for Czc (L-5a), than for Ceo—
(L-5a)2 (Fig. 3K). The shortest distances are observed between
Cz and the acylhydrazone groups and glycine methylene H
atoms of (L-5a); (3.20 A for Crjerene:"C=N and 2.38 A for
Cfullerene' . 'HGIy)-

Stoichiometric and quantitative complexation of fullerenes by
peptide-resorcinarene capsules is non-intuitive due to the
apparently different chemical characters of the host and guest
molecules. Previously reported fullerene receptors were based
mainly on extended complementary aromatic surfaces, for
example, of cyclotriveratrylenes and unmodified calixarenes,
cycloparaphenylenes,®® corannulenes,? phthalocyanines,
porphyrines, anthracenes®®” and even anthanthrenylene (six
conjugated aromatic rings) macrocyles® Even though large
proteins have also been used for stabilizing fullerenes in water,
the stabilizing forces are largely unknown.”% It has been
postulated that internal hydrophobic cavities of those proteins
are mainly responsible for the interactions. In the present
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capsules, the shortest molecular interactions can be precisely
determined, therefore they shed some light on the peptide-
fullerene interactions. Surprisingly, the shortest intramolecular
distances are observed not between the fullerenes and (as
expected) the aromatic rings, but involve the acylhydrazone
groups or the glycine methylene protons (part of the peptide
backbone). To elucidate the participation of the acylhydrazone
groups in the fullerene interactions, we performed ab initio DFT
calculations (at the B3LYP level of theory) for a monomeric
acylhydrazone unit (Fig. 31).*% Calculations of the electrostatic
potential indicate that a slightly negative potential extends from
the aromatic ring to the acylhydrazone double bond. Therefore,
interactions of this electron-rich fragment with fullerenes, (which
can be considered as m-acceptors) seem to be favourable.
However, other factors can also contribute to the overall
stabilization of these complexes (e.g. solvophobic interactions,
as it was previously suggested for complexation of Cgo in
naphthalenediimide nanotubes).®*"

Conclusions

A series of molecular capsules based on amino acid and peptide
derivatives attached to macrocyclic scaffolds have been
synthesized. The dynamic character of the acylhydrazone
moiety, used as the linker, and effective self-assembly, enabled
highly selective syntheses from racemic mixtures of hydrazides
by high-fidelity chiral self-sorting. The capsules have greatly
enhanced thermodynamic and kinetic stability compared with the
previously reported capsules based on imine linkers. The
stability enhancement stems from the robustness of the non-
covalent binding motif and from higher hydrolytic stability of the
covalent linker. Although the capsules retain their dynamic
character, allowing processes such as chiral self-sorting and
chiral self-assembly to work with high precision, other processes,
like complexation by pre-assembled capsules are markedly
hampered. Therefore, encapsulation of fullerene buckyballs, that
match the size and shape of the cavity of pre-assembled
capsules, cannot be accomplished in solution. However, as
conclusively demonstrated in this work, the complexation energy
barrier can be successfully overcome by the utilization of the
reversible character of the covalent bonds, or by
mechanochemical methods.

Experimental Section

The use of CDCl; or CHCI; as solvent was dictated by the experimental
conditions (e.g. in situ experiments in NMR tubes). The use of deuterated
solvent had no influence on the properties of the investigated capsules.

Synthesis of capsules: Tetraformylresorcin[4]arene 1% (0.05 mmol, 41
mg) and respective hydrazide (0.2 mmol) were dissolved in CHCI3 (2 ml)
in a sealed pressure vial. The mixture was heated at 70°C for 20 h. Then
the reaction mixture was cooled down and filtered. The solution was
evaporated under reduced pressure and vacuum dried. Acylhydrazones
4a — 5b (as non-covalent dimers (L-4a), — (D-5b),) were obtained as
yellow solids in 92-98% yields.
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Scrambling experiment: (L-4a), (0.006 mmol, 9.8 mg) and (L-4b),
(0.006 mmol, 8.6 mg) were dissolved in CDCl3 (1 ml). The mixture was
stirred at 70°C for 7 days in a sealed pressure vial. After cooling the
sample was analyzed using *H NMR and ESI MS. Presence of mixed
products (scrambled) was detected.

Self-sorting experiments: Tetraformylresorcin[4]arene 1 (0.05 mmol, 41
mg) and two different hydrazides (0.1 mmol each) were dissolved in
CHCI;3 (2 ml) in a sealed pressure vial. The reaction was stirred at 70°C
for 7 days. Then, the mixture was cooled down and filtrated. The solution
was evaporated under reduced pressure. The solid was analyzed using
H and °C NMR.

Complexation of fullerenes using mechanochemial methods: (L-5a),
(0.005 mmol, 16.4 mg) and Cg (0.005 mmol, 3.6 mg) were placed in a
grinding vial. The sample was ball- milled at milling rate of 500 min™ for 1
h. Then, the sample was dissolved in CDCI; (1 ml) and filtered. Products
were analyzed using NMR. Complexation of C;o was studied by
analogous procedures. Partial complexation of Cg (c.a. 30%) and Co
(c.a. 5%) was detected.

Complexation  of  fullerenes during chemical reaction:
Tetraformylresorcin[4]arene 1 (0.02 mmol, 16.5 mg), L-3a (0.08 mmol,
22.2 mg) and Cg (0.01 mmol, 7.2 mg) were dissolved in CHCI3 (2 ml) in
a sealed pressure vial. The reaction was stirred at 70°C for 4 days. Then,
the mixture was cooled down and filtrated. The solution was evaporated
under reduced pressure. Products were analyzed using NMR.
Complexation of Cz was studied using analogous procedures.
Hydrazides D-3a and L-2b were tested in a similar way. In all cases,
quantitative formation of stoichiometric complexes was detected.

X-ray structure determination: Single crystals of (D-4b), were grown
through slow diffusion of ethanol vapor into a chloroform solution. Single
crystals of (D,L-5a), were grown through slow diffusion of isopropanol
vapor into a chloroform solution. Single crystals of Cgy < (L-5a), were
grown through slow diffusion of acetonitrile vapor into a chloroform
solution. Single crystals of Cz < (L-5a), were grown through slow
diffusion of methanol vapor into a chloroform solution. X-ray
measurements were carried out using an Agilent SuperNova
diffractometer (CuKa radiation) for (D-4b), and C;, < (L-5a), and at the
MaxLab Il synchrotron beamline 1911-3 (Lund, Sweden) at A = 0.8000 A
for (D,L-5a), and Cg < (L-5a),. The structures were solved using
SHELXSE? (the capsules) or by molecular replacement using the
PHASERE® module of the CCP4 suite® and capsule skeletons as
molecular probes (in case of fullerene complexes).®™ The structures
were refined in SHELXL with anisotropic displacement parameters for all
non-H atoms. All hydrogen atoms were included at geometrically
predicted coordinates. For (D,L-5a);, Ceo < (L-5a)2 and Cyo < (L-5a)2,
stereochemical restraints were applied to bond lengths in the peptidic
chains and the fullerene molecules. Soft restraints were also applied to
thermal parameters where necessary (in disordered regions). Highly
disordered solvent molecules were removed from the electron density
using the Solvent Masking procedure in OLEX2.?? CCDC files 1060617
— 1060620 contain the supplementary crystallographic data for this paper
and can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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