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SEZNAM POUZIVANYCH ZKRATEK

VYSVETLENI POUZITYCH ZKRATEK A SYMBOLU

Ad
CBn
CD
CDK
G/H

NHC
PC

adamantan, 1-adamantyl

cucurbit[n]uril

cyklodextrin

cyklin-dependentni kindza

host / hostitel (z angl. guest / host)

asociaéni konstanta

N-heterocyklické karbeny

balici koeficient (z angl. packing coefficient)
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I. STRUCNY POPIS ME CESTY OD ADAMANTANU K SUPRAMOLEKULARNI CHEMII

V dobé, kdy jsem zacinal intenzivné studovat odbornou literaturu, abych se do-
zvédél potiebné informace, ¢i abych ziskal vzor pro pokusy o sepsani vlastnich
vyzkumnych vysledk, jsem byl nad$en tim, jak to jinym autortim pékné vychazi.
Oni si vymysli, Ze objevi jev A, pfipravi latku B, nebo néco na ten zptisob, pak
to jednoduse vyzkousi, vSe se chova, jak mé, ptvodni hypotézy se potvrdi
anakonec o tom napisi ten ¢lanek. Zpocatku mne trochu trapilo, Ze mné to
v laboratofi tak pékné nefunguje, ale pozdéji jsem pochopil, Ze notnd cast
vysledkt je zasazena do $ir§tho rdmce ex post, zietelné souvislosti a logicka
pfimocarost se mnohdy vynofi az pii sepisovani oné publikace. Pfibéh o tapani
a nejistoté, slepych ulickach a nezdafenych experimentech, ale bohuZel ani o téch
momentech, které délaji z védy lakavé dobrodruzstvi, o chvilich kdy néco kone¢né
pochopime, kdy se atomy kone¢né poskladaji, jak my chceme, molekuly sefadi
a vyroste vytouZeny monokrystal, tento pfibéh se do odborné literatury, jak se
zd4, nehodi. Skute¢nost zit4 v laboratofich a za psacim stolem je tedy jind, nez ta
odborné publikovand, nikoliv méné védeckd, ale mnohem klikatéjsi, a proto snad
i mnohdy pou¢néjsi. ProtoZe ale tento text je habilita¢ni praci, tedy snahou
o ziskani pedagogické hodnosti, dovolim si zdvofile c¢tenafe Zadostivého
odbornych detailti odkazat na pretisténé predmétné publikace a v nasledujicich
kapitolach se budu soustfedit na osobni pohled, na motivy a tvahy, které mne
béhem poslednich let dovedly az k sepsani tohoto textu.

Ke slou¢enindm adamantanu jsem se poprvé dostal béhem své diplomové prace
na P¥F MU. Profesor Potacek mi nabidl dvé témata: studium criss-cross cykloadic-
nich reakci nebo vyvoj nového univerzalniho postupu pfipravy 1l-adaman-
tyl(alkyl)ketont. Druhé zminéné téma se mélo fesit ve spolupraci s tehdejsim vy-
zkumnym oddélenim firmy Lachema a pfipadny novy postup mél byt vyuzit
pri pramyslové vyrobé lé¢ivych substanci, analogti Rimantadinu®. Nerozhodoval
jsem se dlouho, vyhrély 1éc¢ivé latky a ta krdsna uhlovodikova klec. Na zvoleném
tématu jsem pokracoval i béhem doktorského studia a vysledkem byla jednodu-
chd, levna a univerzalni metoda pro pfipravu 1-adamantyl(alkyl/aryl)ketona re-
akci adamantan-1-karbonylchloridu s pfislusnym Grignardovym ¢inidlem za ka-
talyzy Al/Cul/Lil. V dasledku postupného rozkladu podniku Lachema se mnou
vyvinutd metoda do praxe nezavedla, ale s kolegy ji v laboratofi stdle s ispéchem
pouzivame k syntéze vychozich latek pro nas vyzkum.

Jesté pred ukoncenim doktorského studia jsem nastoupil jako asistent na Fa-
kultu technologickou Univerzity Tomase Bati ve Zliné. Ptijeti této pozice jsem
podminil moZnosti nadale pracovat na svych vyzkumnych tématech, v prvé radé
pak na dokonceni disertacni prace. Vysledkem tohoto obdobi byly dvé originalni
publikace o vyse zminéné metodé piipravy ketoni! a detailni rozbor moznych
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vedlejsich produktii.?2 Podstatnou ¢ast teoretické ¢asti své disertacni prace zabyva-
jici se vyskytem a ptivodem sloucenin adamantanu v piirodé jsem opublikoval
v Chemickych Listech.3 Béhem dopisovani disertacni prace jsem se porozhlizel,
kterym smérem bych se mél se svymi derivaty adamantanu vydat, a zaujala mne
préace prof. Strnada z Ustavu experimentalni botaniky AV CR v Olomouci na pu-
rinovych rastovych reguldtorech. Rozhodl jsem se vytvofit sérii téchto purint
vhodné substituovanych adamantanovym zbytkem a studovat jejich biologickou
aktivitu v zavislosti na supramolekularni komplexaci s B-cyklodextrinem. Po-
sledni mou publikovanou praci z pfedsupramolekularniho obdobi je rozbor pod-
minek a souvisejici regioselektivity pfi elektrofilni aromatické substituci (nitraci)
rtiznych 1-adamantylalkyl(aryl)ketond.* Nasledujici publikace, které jsou jiz pred-
métem této habilita¢ni prace, obsahuji vZzdy kromé syntetické ¢ésti i supramole-
kularni studie a jsou komentovany v tomto textu.

Kromé hlavniho tématu mé védecké prace, kterym se postupem casu stala syn-
téza a studium supramolekuldrniho chovéni vicevazebnych hostujicich molekul
s akcentem na vazebnd mista na bazi klecovych uhlovodikd, jsem se i nadéle
mirné vénoval studiu mechanizmu vzniku jednoho minoritniho vedlejsitho pro-
duktu vznikajiciho pfi reakci benzylovych Grignardovych ¢inidel s acylchloridy,®
pfipravé heterocyklli substituovanych adamantanem® a vzhledem k zaméreni vét-
siny vyzkumnych skupin na FT UTB vice ¢i méné na polymery jsem se zapojil
do nékterych vyzkumnych aktivit kolegh v této oblasti.” Ostatné k aplikacim
v komplexnich supramolekularnich systémech zahrnujicich i modifikované biopo-
lymery sméfuje i maj soucasny hlavni vyzkum.
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II. NEKOLIK SEMANTICKYCH POZNAMEK

Ve své praci vychazim z jednoho ze zakladnich koncepti supramolekuldrni
chemie, kterym je vztah mezi dvéma molekuldrnimi entitami oznacovanymi jako
hostitel (anglicky , host”) a host (anglicky , guest”). Tento nadhled na mezimoleku-
larni vztahy je pak oznacovan jako hostitel-host chemie (anglicky ,host-guest
chemistry”). Vyklad oznaceni jednotlivych partnertt v tomto vztahu vychézi
z podoby jednoduchych hostitel-host komplexti. Jako hostitel byvd oznacovana
zpravidla vétsi molekula s prostorové vymezenym vazebnym mistem. Klasickym
pfikladem je makrocyklickd sloucenina s vazebnym mistem v podobé dutiny.
Host je pak molekula zpravidla mensi, kterd v komplexu bud’ svoji pfevaznou
vétsinou, ¢i alesponl podstatnou ¢asti preferuje pobyt ve vazebném misté, duting,
hostitele. V biochemii pak tvoii klasicky analogicky péar proteinovy receptor
a nizkomolekularni substrat. Jakmile vsak pokro¢ime od jednoduchych komplexii
se stechiometrii 1:1 ke slozitéjsim agregatiim, dostdvame se s témito pojmy,
ve smyslu jejich zakladnich vyznamt, do dzkych. Pokud v komplexu vystupuje
vice mensich molekul obsazujicich soucasné dutinu makrocyklu, je jesté vse v po-
fadku. Jedna hostitelskd molekula hosti vice host. V opacném piipadé, kdyz
jedna molekula hosta disponuje vice vazebnymi misty, dojde v pfipadé jejich ob-
sazeni hostiteli k absurdni situaci, kdy se pfi jedné prileZitosti sejde vice hostitelit
nez hosti. ProtoZe se velkou mérou zabyvam pravé hosty s vice vazebnymi misty,
dostavam se pfi popisu vazebného chovani do nepiehlednych situaci, kdyZz napii-
klad musim tvrdit, Ze zkoumana molekula je hostem jednoho hostitele a pak, pii-
padné soucasné i druhého hostitele. Mnohem jednodu$si mi pfipadd piijmout
obecné platny smysl slov hostitel a host a oznacovat tak, v uvedeném poradi, vzdy
pravé tu jednu molekulu, ktera hosti vice jinych molekul, a je jedno zda ve své
dutiné, nebo napfiklad na sobé navlecenych. Chapu ovsem, ze tento pristup bude
naraZzet na obecné zvyklosti v supramolekuldrni chemii a proto budu vSude tam,
kde to bude jen trochu mozné, pouzivat neutralni vyrazy ,makrocyklus” a ,li-
gand”. Opravnénost pouziti druhého uvedeného miZe byt zejména anorganic-
kymi chemiky zpochybnéna. Ovsem v $ir$im smyslu slova a zejména v bioche-
mickém kontextu je termin ,ligand”, pouzity pro molekulu vdzanou naptiklad
v kavité makrocyklu nebo vazebném misté proteinu, opravnény a i z hlediska che-
mické terminologie v poradku’.

Druhy problém, se kterym se dlouhodobé setkavam, a nutno dodat netispésné
bojuji, je vyjadifovani poctu komponent ve slozitéjsich (nez 1:1) supramolekular-
nich agregatech. Pro nejjednodussi hostitel-host komplex se stechiometrii 1:1 se

* IUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). Compiled by A. D. McNaught and A.
Wilkinson. Blackwell Scientific Publications, Oxford (1997). XML on-line corrected version: http://goldbook.iupac.org
(2006-) created by M. Nic, J. Jirat, B. Kosata; updates compiled by A. Jenkins. ISBN 0-9678550-9-8.
https://doi.org/10.1351/ goldbook.
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celkem logicky nékdy pouziva oznaceni ,bindrni komplex”. Jakmile jsou vsak
v komplexu zapojeny vice jak dvé molekularni entity, dostava se v literatute
obecné pouzivana terminologie do sporu s logikou véci, jez ma ostatné oporu
v jiné oblasti chemie. Dle mého nazoru je spravné oznacovat komplexy G:H se
stechiometrii 2:1 nebo 1:2 stale jako binarni, nikoliv, jak je bézné v literatuie, jako
komplexy ternarni. Jsou totiz sloZeny stéle jen ze dvou rfiznych stavebnich ka-
ment, jejichz pomér vzdy v chemii vyjadifujeme néjakym ciselnym doplitkem
(stechiometrickymi koeficienty). Oznaceni takového napiiklad 1:2 komplexu po-
jmem ,ternarni” nutné vyzaduje dalsi rozsitujici dovysvétleni rozdilu od, podle
mne skuc¢né ternarniho, komplexu, napfiklad G1:G2:H v poméru 1:1:1. To je
v literatute feSeno predfazenym slovem vyjadfujicim heterogenitu uskupeni.
Komplex G,@H" je pak oznacovan jako ,homo-ternarni” a komplex (G1,G2)@H
jako ,hetero-terndrni”. Pokud ovsem zvysime komplexitu tohoto problému uz jen
o jednotku, uvedeny systém selze. Nedokaze totiz jednoznac¢né rozlisit komplex
1:1:1:1 od 1:2:1 (oba komplexy by se oznacovaly jako hetero-kvartérni). Navic se
nedomnivdm, Ze by zastanci tohoto nepovedeného systému oznacovali ucebni-
covy piiklad supramolekuldrniho agregatu - dimer kyseliny octové - jakoZto
homo-binarni komplex. V analogii k oznacovani sloucenin binarnich (CO, COg,
H>O, H20) a ternarnich (NaOH, H3;BOs;, SOCL,) si dovolim volit v nasledujicim
textu systém oznacovani komplexta tak, ze slovem ,bindrni”, ,ternarni”, ,kvar-

24/

térni” atd..., budu vyjadfovat pocet raznych druht stavebnich kamenti a pocet
téchto komponent budu v nutnych pfipadech upfestiovat vyjddfenim stechiomet-
rického pomeéru. VaZenému ¢tendfi se omlouvam za mirné zmateni, nebot v pre-
tisknutych ptivodnich pracich jsem byl recenzenty donucen pouzivat vyse disku-
tovany, dle mého, nevhodny systém.

Posledni poznamku v této kapitole chci vénovat vysvétleni vyjadfovani zaklad-
nich geometrickych pomérti v komplikovanéjsich komplexech. Pro jednotliva va-
zebnd mista vicevaznych liganda pouzivam bud’ symbol vyjadtujici obecnou topi-
citu (napfiklad centralni vazebné misto = C, koncové vazebné misto = T) nebo z&-
kladni strukturni rys tohoto mista (adamantanové misto = Ad, butylové
misto = Bu,...). Polohu makrocyklu v komplexu pak vyjadfuji znackou mista

v hornim indexu. Napftiklad ligand G se dvéma rlznymi vazebnymi misty,

Pro vyjadfovani existence atraktivni interakce mezi molekularnimi komponentami
supramolekuldrnich agregat se v literatufe pouziva nékolik symbolii. Néktefi autofi vyjadiuji
existenci inkluzniho komplexu matematickym symbolem pro podmnozinu, tedy GcH
ve vyznamu "G je obsazen v H". Vzhledem k samotnému vlastnimu matematickému vyznamu
symbolu (,c” = ,je podmnozinou”) mi tento zptisob z4pisu nepfipada stastny; jakpak by mohla
byt jedna diskrétni molekula podmnozinou jiné? V tomto textu se budu drzet ¢astéji pouzivaného
symbolu ,@” pro explicitni vyjadieni inkluzniho komplexu, tedy G@H ve smyslu G je
inkludovano v H. V pfipadé nejisté povahy diskutovaného komplexu, pfipadné pro explicitni
vyjadieni neinkluzni povahy asociatu budu pouzivat symbol ,,-“, tedy G-H ve smyslu nespecificky
agregat G a H.

14
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jednim na bazi adamantanu a druhym na bazi butylu mtZze teoreticky tvofit
komplex G@(B-CDAd, CB7Bv), tedy s B-CD vazanym na adamantanové misto a CB7
vazanym na misto butylové.
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KOMENTAR PUBLIKACI

III. KOMENTAR PUBLIKACI TVORICICH PODSTATU TETO HABILITACNI PRACE

3.1 Pfed cucurbiturilové obdobi

Jak jsem jiz zminil v dvodu, prvnim impulzem, ktery mne nasméroval
do oblasti supramolekularni chemie, byla snaha o pfipravu modifikovanych inhi-
bitorti cyklin-dependentnich kinaz (CDK) v té dobé intenzivné studovanych vy-
zkumnou skupinou jejich objevitele, prof. Strnada z Olomouce. Racionalni opod-
statnéni snahy zavést do molekul zminénych inhibitori 1-adamantylovy substi-
tuent spociva ve dvou jiz diive popsanych jevech. Jednak je znamo, ze adamantan,
jakozto uhlovodik CioHig, je lipofilni povahy a tudiZ mtiZe jeho pfitomnost v mo-
lekule aktivni latky zvysit prostupnost takto modifikovanych molekul pfes bu-
néc¢né membrany. Zcela opa¢ného efektu, tedy zvyseni rozpustnosti modifikova-
ného léciva ve vodném prostredi, 1ze docilit opét pomoci lipofilntho adamantano-
vého substituentu. Derivaty adamantanu jsou zndmé svou schopnosti tvofit jedny
z nejstabilnéjsich hostitel-host komplexti s B-cyklodextrinem (B-CD).2 Tento
makrocyklus, odvozeny od a-D-glukézy, zcela biokompatibilni, netoxicky a rela-
tivné dobfe rozpustny ve vodé, je uvedenymi vlastnostmi predurcen pro farma-
ceutické a medicinské aplikace.?

@ @ (? SO

NH

4ye

NH NH
N
AN NZN-N N NN
. . )I\> . JI\> {d 2y
HO\/\N/<\IIN> HO/\/\N)\\N o Ho\/\N)\N N v
N \ H )\ H )\

olomoucin bohemin roskovitin

Obrazek 1 Znamé inhibitory CDK, roskovitin v aktivnim misté CDK2 (pfevzato
z reference 1%) a adamantanem modifikované purinové inhibitory CDK.

Vsechny aktivni latky, které jsme zamysleli modifikovat adamantanem, patfi
do rodiny 2,6,9-trisubstituovanych purinti. Struktury nejznaméjsich zastupci jsou
uvedeny v levé ¢asti Obrazku 1. Diky tomu, Ze jsou znamé, alespori nékteré, cilové
enzymy téchto latek (CDK2, CDK7, CDK©,...) véetné prostorové struktury
a orientace inhibitoru v aktivnim misté enzymu, je mozné navrhnout vhodné po-
lohy pro substituci tak, aby nedoslo k omezeni vazby farmakoforu do aktivniho
mista enzymu. Z krystalografické analyzy komplexu roskovitinu v aktivnim misté
lidské CDK?2, je zfejmé, Zze roskovitin je zanofen do aktivniho mista substituenty
na C2 a N9, zatimco —NHBn substituent na C6 sméfuje portdlem vazebného
mista do vnéjsitho prostfedi (Obrazek 1).1011 Tato orientace je spole¢na vétsiné
odvozenych inhibitorti, a proto jsme se rozhodli zavést adamantanovy skelet
do substituentu v poloze C6. Na tomto misté je tfeba poznamenat,
ze ve vyzkumné skupiné prof. Strnada byl jiz dfive pfipraven analog s 1-adaman-
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tylaminovym substituentem v poloze C6, ale u této latky nebyla pozorovéana
zadna inhibi¢ni aktivita vac¢i CDK1 ani CDK2,12 piestoZe vykazuje nezane-
dbatelnou cytotoxicitu.!® Ztratu ocekdvané biologické aktivity lze opravnéné pii-
psat na vrub objemnému adamantanovému substituentu, ktery je pravdépodobné
prilis blizko vlastnimu purinovému farmakoforu a blokuje tak efektivni usazeni
ve vazebném misté enzymu. Logicky jsme se tedy v nasi praci zaméfili
na pfipojeni adamantanového skeletu na purin prostfednictvim spojek, které
udrzi adamantanovou klec dostate¢né daleko od portalu aktivniho mista.
K piipravé stavebnich blokt zahrnujicich adamantanové vazebné misto pro 3-CD,
rizné dlouhou a rtizné polarni spojku a funkéni skupinu vhodnou pro navéazani
na purinovy skelet (aminoskupinu, viz nize) jsme pak vyuzili dosavadni poznatky
v oblasti pfipravy adamantyl(alkyl/aryl)ketont a jejich nitraci.

Nutnym krokem pfed samotnou pfipravou modifikovanych purinovych inhi-
bitori bylo vytipovéani vhodnych chemickych prekurzord. Protoze obvyklou vy-
chozi latkou pro 2,6,9-trisubstituované puriny je 9-alkyl-2,6-dichlorpurin, ktery
postupné reaguje s aminy v poloze C6 a posléze v poloze C2, zaméfili jsme pozor-
nost na piipravu série rtizné polarnich anilintt a benzylaming, jejichz spole¢nym
rysem byla pfitomnost adamantanové klece. Na téchto aminech jsme dale studo-
vali vliv polarity okoli adamantanové klece na stabilitu supramolekularnich kom-
plext s B-CD. Postup pfipravy série anilind a benzylamint je spolu s vysledky
pfislusnych supramolekularnich studii popsany ve dvou publikacich, které jsou
soucasti této habilita¢ni prace (Publikace 4.1 a Publikace 4.2). Ze supramolekular-
niho hlediska byla v této dobé aktualni otdzka piesného usporaddni komplext
cyklodextrint s ligandy obsahujicimi objemnou adamantanovou klec a na ni na-
pojeny delsi substituent. I kdyz to zcela jisté neni fundamentalni zalezitost, urceni
geometrie komplexti v roztoku a vyfeSeni souvisejici nejistoty, zdali maze, a pii-
padné za jakych podminek, adamantanova klec projit skrz kavitu B-CD, mélo z&-
sadni vyznam pro ndvrh struktury ligand® i pfipadnych polymert modifikova-
nych cyklodextriny (nebylo napfiklad jasné, zda je tfeba napojovat CD jednotku
na polymer prostfednictvim primarniho nebo sekundarniho portalu). Prestoze
cyklodextrin disponuje vodikovymi atomy v kavité, neni uréeni prostorové ori-
entace ligandu trividlni problém jednak z d@vodu relativné malych vzdélenosti
mezi jednotlivymi internimi protony kavity a jisté dynamiky ligandu v kavité
a rovnéz relativné malé rozdily v chemickych posunech signald internich vodiko-
vych atomd neusnadiiuji jednozna¢né pfifazeni interakénich  pikt
v NOESY/ROESY spektrech. Nam se podaftilo jednoznac¢né urcit geometrii nasich
komplextt kombinaci HSQC a NOESY sekvenci, kdy jsme sledovali korelace mezi
protony ligandu a uhlikovymi atomy cyklodextrinu. Otazku samotného priichodu
adamantanové klece kavitou B-CD jsme poté jiz nefesili, protoze kladna odpoved
nepiimo vyplynula z publikace jinych autor.*
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Posledni ¢ast tohoto projektu, tedy navazani pripravenych aminti na purinovy
skelet v poloze C6, substituce atomu chloru v poloze C2 3-aminopropan-1-olem
a studium biologické aktivity téchto modifikovanych inhibitord je v podstaté ho-
tova, ale zatim nebyla publikovana. Rukopis je ovSem aktudlné piipravovan
k zaslani do redakce k posouzeni. Podatilo se nam ptipravit sérii derivati purinu
s adamantanovym substituentem v poloze 6, které vykazovaly jen mélo ovlivné-
nou biologickou aktivitu v in vitro testech inhibice CDK ve srovnani s analogy
bez adamantanového substituentu. V nékterych pripadech byl dokonce inhibi¢ni
ucinek novych derivath vyssi. Pfi testovani cytotoxicity samotnych purini a jejich
1:1 smési s B-CD proti dvéma liniim nddorovych bunék (K-562, MCE-7) jsme sice
zaznamenali mirné zvyseni hodnot Glsy pro smési s cyklodextrinem, coz se da vy-
svétlit nizsi dostupnosti zakomplexovaného purinového derivatu, ale na druhou
stranu se pozitivné projevil vliv komplexace na rozpustnost testovanych latek.
Diky tomu jsme mohli pozorovat redlné inhibi¢ni koncentrace i u latek velmi malo
rozpustnych.
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3.2 Rané, feknéme adamantanové, obdobi imidazoliovych soli

Jiz pomérné brzy po zahdjeni praci na modifikaci vy$e zminénych bioaktivnich
latek pomoci derivatti adamantanu bylo zfejmé, Ze toto téma nebude natolik silné,
aby se mohlo stit jedinym dlouhodobym zaméfenim mé vyzkumné skupiny.
Pfestoze myslenka cileného zavedeni adamantanového skeletu do struktury inhi-
bitort CDK vychdzejici ze znalosti struktury téchto kindz a studium biologické
aktivity takto upravenych latek byla v pofddku, nemohli jsme v dlouhodobém
horizontu konkurovat vétsim a zavedenym laboratofim. Navic celkové zaméteni
Fakulty technologické ve Zliné nezarucovalo trvalou podporu takovému ryze
chemickému a medicindlné zaméfenému vyzkumnému programu. Proto jsem se
zacal nékdy tésné pred rokem 2010 zabyvat myslenkou na rozsiteni vyzkumnych
aktivit do oblasti vice piibuzné aktivitam jinych vyzkumnych skupin na FT, kon-
krétné do oblasti chemie polymernich systémi. Protoze jsem se ale nehodlal
vzdat, pro mne osobné velmi zajimavého hrani¢nitho oboru supramolekularni
chemie a snad i proto, ze v té dobé velmi dobfe zndmé supramolekularni vlast-
nosti adamantanovych derivat timto smérem pfimo ukazovaly, jsem se rozhodl
vénovat se syntéze a popisu vlastnosti novych latek se dvéma (popiipadeé i s vice)
adamantanovymi skelety v molekule. VyuZiti takovych latek pfi tvorbé napriklad
supramolekularnich hydrogelt s vlastnostmi regulovatelnymi pomoci chemickych
signalti bylo nasnadé.

Aby byly naSe vicevazebné ligandy Siroce uplatnitelné, chtéli jsme jiz
od pocatku zajistit jejich kompatibilitu (tedy rozpustnost a dlouhodobou stabilitu)
s vodnym prostfedim. Kromé vylouceni hydrolyzovatelnych skupin bylo nutné
zajistit rozpustnost ligandti ve vodé v koncentracich postacujicich k tvorbé poza-
dovanych supramolekularnich struktur. ProtoZze adamantanovy skelet je lipofilni
a jako takovy k rozpustnosti ve vodé nepfispiva, zaméfili jsme od pocatku svou
pozornost na hydrofilni spojky, kterymi jsme hodlali spojovat adamantanova va-
zebnd mista k sobé. Po nékolika netspésnych pokusech se spojkami na bézi kyse-
liny vinné ¢i oligo(oxyethan-1,2-diylu) jsme se zaméfili na derivaty imidazolio-
vych soli. Kromé nesporné polarniho charakteru a tim podpoifené rozpustnosti
ve vodném prostfedi, jsou tyto latky zajimavé minimalné ze dvou dalSich davodi.
Prvnim je jiz del$i dobu znamé vyuziti nékterych imidazoliovych soli v oblasti ze-
lené chemie jakoZzto netékavych vysoce polarnich rozpoustédel (iontové kapaliny)
s presahem vyuziti ke katalyze protickych dé&ji ¢i ke katalyze mezifdzového pre-
nosu. Kromé toho mohou imidazoliové soli slouzit jako zdroj tak zvanych
N-heterocyklickych karbenti (NHC), které sice nejsou samy o sobé moc stabilni,”

* Za poznamku stoji skutecnost, Zze prvni pfipraveny, pfi pokojové teploté stabilni NHC, byl
odvozeny od 1,3-bis(l-adamantyl)imidazolium-chloridu,’® pfi¢emz za jeho nereaktivitu jsou
zodpovédné pravé ony objemné adamantanové substituenty.
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ale mohou byt vyuzity jako elektron donory pii koordinaci kovi ¢i kovovych
iontd. Takto ptipravené NHC komplexy byly studovany jako katalyzatory celé
fady chemickych reakci. Tato vicepolna atraktivita imidazoliovych soli, a zejména
uspésné predbézné pokusy o pfipravu adamantanem substituovanych imidazolii,
nés pfivedly k dlouhodobéjsimu a systematic¢téjsimu zajmu o tyto latky.

Az do ptipravy prvnich adamantanem substituovanych imidazoliovych soli
jsme uvazovali pouze o supramolekuldrnich komplexech s cyklodextriny.
Nicméné orientace na kationtové ligandy nas postupné privedla k zajmu
i o interakce s hostitelskymi molekulami z velmi dynamicky se rozvijejici rodiny
cucurbit[n]urilt (CBn). Homology cucurbit[n]urilt kde n=7 ¢i 8 totiz, kromé toho,
ze obdobné jako cyklodextriny, vdZzou relativné pevné objemné uhlovodikové
klece uvnitf kavity makrocyklu, mohou svymi silné elektronegativnimi portaly
koordinovat jak anorganické tak organické kationty. V soucasné dobé je zndma
celd fada rtiznych analogi a odvozenych struktur, jejichz uceleny ptehled publi-
koval pfed neddvnem Nau a Assaf.!® Hledani nejlepsi vzajemné komplementarity
mezi CBn, konkrétné CB7, a vhodnym ligandem vytustilo v pfipravu derivatu di-
amantanu nesouctho v polohach 4 a 9 trimethylamoniovou skupinu. Uhlovodi-
kova klec tohoto ligandu totiZ velmi pfesné vyplnuje kavitu CB7 a navic umoziiuje
umisténi dvou kationtovych substituentt v podélné ose klece s N*--N* vzdéle-
nosti 7,8 A, coz priblizné odpovida idealni vzdalenosti dvou volnych kationtd va-
zanych v protilehlych portalech CB7. Komplex tohoto ligandu s CB7 vykazuje do-
sud nejvyssi zndmou asocia¢ni konstantu s hodnotou 7,2 x 107 M1 v ¢isté DO
a to jak mezi synteticky pfipravenymi hostitel-host systémy, tak mezi v pfirodé za-
stoupenymi vazebnymi partnery. Tato kratka odbocka méla ¢tendfi demonstrovat
potencial kationtovych derivati adamantanu, které sice nedosahuji vyse zminé-
nych extrémnich hodnot, nebot adamantan je mensi nez diamantan a nevyplnuje
tedy zcela idealné kavitu CB7 a navic neumoziiuje axidlni disubstituci, ale i bézné
hodnoty asocia¢ni konstanty okolo 10> M- umoziiuji konstrukci zajimavych
supramolekularnich systém.

Nase angazma v supramolekularni chemii imidazoliovych soli substituovanych
adamantanem exemplarné vypovidd o casté nepfimocarosti vyzkumu
v pfirodnich védach. Disledkem je pak, alespori v nasem piipadé, nelogicka ca-
sova posloupnost zvefejiiovani vysledkdi, pficemz mnohé zajimavé vysledky
zranych fazi naseho vyzkumu v této oblasti stile na kompletni systematizaci
a zvefejnéni (mozna marné) cekaj.

Pavodnim cilem v ranych fazich vyzkumu imidazoliovych soli bylo pfipravit
sérii ligandi s jednim adamantanovym vazebnym mistem a jednim dal$im mistem
na bazi linedrnich alkyld. Jako doplnék k témto heteroditopickym ligandtm jsme
zamysleli pfipravit modelové ligandy obsahujici pouze adamantanové misto, ne-
bot adamantanem substituované imidazoliové soli nebyly do té doby ze supra-
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molekularniho hlediska studovany. Na tuto praci méla navazat studie homodito-
pickych liganda se dvéma adamantanovymi vazebnymi motivy a dvéma imida-
zolii. Ov8em dévno pred tim, nez jsme dokoncili pfipravu ucelené série vyse zmi-
nénych heteroditopickych ligandt, jsme pii predbéznych studiich homoditopic-
kych bisimidazolii pomoci ESI MS zjistili velmi zajimavé chovani v plynné fazi,
spocivajici ve zméné fragmentacnich drah volného a CB7 komplexovaného li-
gandu v zavislosti na sterickém branéni molekuly ligandu. Nutno podotknout, ze
v té dobé se fada odborniktt na chovéni supramolekuldrnich agregatt v plynné
tazi (napiiklad prof. Schalley z Berlina®) bavila myslenkou na rozpoznani vazeb-
nych modd, tedy ve smyslu uréeni pozice makrocyklu na multitopickém ligandu,
pomoci MS. V kontextu téchto snah bylo nase zjisténi, zZe zptisob fragmentace li-
gandu komplexovaného v CB7 se méni se sterickym branénim volnému pohybu
makrocyklu po osi¢ce ligandu, pozoruhodné, a proto jsme se rozhodli tyto vy-
sledky velmi rychle systematizovat a sepsat kratké sdéleni (viz Publikace 4.3) za-
méfené pouze na MS analyzy komplexti nasich homoditopickych ligand& s CB7.
Problematiku jsme se pozdéji pokusili rozpracovat podrobnéjsim rozkrytim me-
chanizmu fragmentace samotnych ligand® a popisem role makrocyklu pi#i alter-
nativni fragmentaci. Ktomu tcelu jsme pfipravili sérii stericky nebrdnénych
a sttedné branénych ligandh selektivné znacenych ve tfech vytipovanych
polohéch deuteriem. Podrobnym, a nutno pfiznat, ze mnohdy tmornym, rozbo-
rem fragmentac¢nich spekter téchto Sesti liganda jsme dospéli k formulaci néko-
lika, dle naseho soudu, zajimavych zavérti popsanych v Publikaci 4.4. Nejvy-
znamnéjsi hypotéza vysvétlujici nase pozorovani predpokladd dvé vazebné geo-
metrie adamantanového ligandu v kavité CB7. Netvrdime, Ze se nutné jedné o dva
odlisné vazebné mody ve smyslu geometrii leZicich v lokalnich energetickych mi-
nimech, ale minimélné naznacujeme schopnost adamantanové klece oscilovat
uvnitf CB7 mezi pozicemi, z nichz kazda vede k jiné fragmentacni draze. Tento
projekt, tedy studium fragmentace homoditopickych bisimidazolii v plynné fazi
pokracuje aktudlné pfipravou obdobnych ligandt se sterickou zabranou ve sttedu
osicky ligandu a rovnéz piipravou série heteroditopickych bisimidazolii se dvéma
rtzné stericky ndroénymi adamantanovymi vazebnymi motivy.

Na néjaky cas jsme tedy byli nuceni upozadit druhy rany projekt, tykajici se
heteroditopickych imidazoliovych soli s jednim adamantanovym ligandem. Na-
konec se nam ale podatilo pfipravit ucelenou sérii zadanych ditopickych
i ptislusnych modelovych monotopickych ligandti. Ponékud mimo pavodni plan
jsme se rozhodli doplnit zamyslenou jednoduchou studii supramolekuldrniho
chovani uvedenych ligandt s jednotlivymi makrocykly o studii ternarnich sys-
témd, tedy systému obsahujicich ligand a dva rtizné makrocykly. Nutno pfiznat,

" http:/ /www.bcp.fu-berlin.de/en/chemie/chemie/forschung/OrgChem/ schalley
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ze nikoliv zcela pfedem planovanym, ale zato nesmirné dtlezitym, pravé
pro chovani ve sloZitéjsich systémech, strukturnim rysem série nasich liganda byla
vazba adamantanové klece na imidazolium prostfednictvim dvou riznych spojek.
Prvni byl methylenovy mftstek, druha byla vyrazné delsi a sestdvala
z benzenového jadra 1,4-disubstituovaného methylem a karbonylem (struktury
viz Schéma 1).
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Schéma 1 Chovani heteroditopickych ligand v ternarnich systémech

Adamantanova klec sama o sobé vykazuje silnou afinitu k CB7 (K~10%8 M)
ik B-CD (K~105 M1). Pokud se v blizkosti klece nachdzi kladné nabita skupina,
vzroste asocia¢ni konstanta k CB7 aZ na 101> M1 zatimco afinita k B-CD je pfitom-
nosti kladného néboje dotc¢ena jen minimalné. Nami pfipravené ligandy se dvéma
vazebnymi misty ale pouze jednim imidazoliem, pak dokdazaly, v zavislosti
na délce spojky mezi adamantanem a imidazoliem, komplexovat bud” dva makro-
cykly CBn v pripadé dlouhé spojky, nebo pouze jeden makrocyklus v pfipadé
spojky kratké. Toto bylo zptisobeno tim, ze pfi vazbé CB7 na adamantanové va-
zebné misto vzdalené od imidazolia se neuplatiiovala ion-dip6lova interakce por-
talu CB7 s imidazoliem a takové ligandy tedy mohly relativné pevneé vazat i druhy
CBn na butylové misto za vzniku bindrnich komplextt G@(CB74d, CB7Bv), pii-
padné terndrnich komplextt G@(CB7Ad, CB6BY). Diky modelovym ligandim jsme
mohli kvantifikovat repulzi mezi dvéma cucurbiturily vdzanymi na ligand. Na-
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proti tomu ligandy s kratkou spojkou umoziiovaly vazbu jen jednoho CBn v sou-
ladu s jejich individudlnimi afinitami k tomu kterému vazebnému mistu. AZ po-
tud bylo chovéni studovanych systémt sice velmi zajimavé, ale ocekavatelné. Jeli-
koz jsme Zili v zajeti pfedstavy, Ze chovani ternarnich systémt odpovida superpo-
zici individualnich preferenci jednotlivych vazebnych mist a makrocykldi, doc¢kali
jsme se velkého prekvapenti pii titraci komplexu ligandu s dlouhou spojkou a CB7
(G@CB749) B-cyklodextrinem, u kterého jsme predpoklddali vazbu na volné bu-
tylové misto. Soutéz cyklodextrinu s CB7 o vazbu na adamantanové misto se zdéla
byt pfedem celkem jasné prohrand vzhledem k 1000x vyssi afinité CB7. K nasemu
udivu v8ak B-CD vytésnil CB7 z preferovaného adamantanového mista, zaujal
jeho pozici a CB7 se musel spokojit s nepreferovanym mistem butylovym. Z ener-
getického hlediska vsak bylo toto usporadani nejvyhodnéjsi a proto vyrazné pie-
vazujici v rovnovazné smeési ve vodném roztoku. Publikace tohoto unikatniho
chovéni se ponékud zdrzela diky nutnosti objasnit nékteré aspekty tykajici neoce-
kavanych chemickych posunti protonii na koncich del$ich liganda vzdalenych od
CBn a dale jsme byli nuceni vSechny NMR titrace provést pri vy$sim magnetickém
poli (16,5 T, 700 MHz pro H) z divoda dosazeni potfebné kvality spekter. Vy-
sledky tohoto projektu jsou predmétem Publikace 4.5.

V soucasné dobé, majice k dispozici relativné Siroké portfolio vazebnych mo-
tivd, se snazime dokdazat, Ze vySe popsany jev nebyl ojedinélym vystfelkem, ale Ze
raciondlnim névrhem struktury ligandu Ize obdobné se chovajici molekuly cilené
pfipravovat. V dalsim kroku chceme tento koncept rozsifit na tritopické ligandy
s potencialnim vyuzitim v oblasti chemickych senzorti a sond.
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3.3 Multitopické licandy na bazi bisimidazoliovych soli

Logickym pokracovanim studia vicevazebnych ligandt byl pfechod od dito-
pickych ligand® k ligandiim s vice, tedy konkrétné se tfemi, vazebnymi misty.
Zatimco v predchozi kapitole popisované ditopické ligandy maji v podstaté jen
dvé mozna uskupeni, tedy hetero a homoditopické zastupce, u ligandd se tfemi
vazebnymi motivy v molekule je situace komplikovanéj$i. Vazebna mista mohou
byt usporadana linearné nebo v hvézdici (s virtualni lokalni symetrii planarni
sttedové ¢asti D3;, Cop nebo Cs) a mohou byt stejnd nebo razna. VSechna smyslu-
plna usporadéani ditopickych a tritopickych ligandt jsou uvedena na Obrazku 2.
Z odlisnych davodd jsme se zabyvali jak linedrnim, tak hvézdicovym usporada-
nim vazebnych motivi. Zatimco hvézdicové usporadané tritopické ligandy je
mozné vyuzit pro sitovani polymerti modifikovanych vhodnymi makrocykly, li-
nearné usporddané tritopické ligandy lze vyuzit jako molekuldrni senzory reagu-
jici na chemické podnéty. Navzdory casové posloupnosti vydani predmeétnych
publikaci bych nejprve vénoval par slov hvézdicovym homotritopickym ligan-
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Obrazek 2 Mozné obecné struktury ditopickych a tritopickych ligandt

Kromé samotné pifipravy cs3 symetrickych adamantylovanych trisimidazolio-
vych ligand® nas zajimalo, zda tyto relativné kompaktni molekuly dokazi vazat
na vsech svych vazebnych mistech soucasné tfi makrocykly CB7 nebo B-CD a je-
jich vzdjemné kombinace. Pokud by totiZ tuto schopnost ligandy nemély, ztratilo
by jejich sméfovani do oblasti supramolekuldrniho sitovani polymernich fetézct
smysl a stejné tak dobfe by se mohly pouzivat ligandy ditopické. Pokud by se
vSak nas ptavodni zamér ukdazal byt redlnym, dalo by se uvazovat, v systémech
s modifikovanymi polymery, o dvou funkcich tritopickych ligandd. Vzhledem
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k pfitomnosti tfi vazebnych mist 1ze uvaZzovat zapojeni do sitovani polymeru
pouze u dvou z nich a tfeti volné misto vyuzit ke komplexaci a tim k zadrZeni
v systému sitovaného polymeru, néjaké dalsi napiiklad bioaktivni nebo stabilizu-
jici latky. Druhd funkce tritopického ligandu by mohla spocivat v jemnéjsi kont-
role sitovaciho procesu pomoci makrocyklickych kompetitorti nez u ligandt dito-
pickych. V Publikaci 4.6 popsana pozorovani naznacuji, Ze vSechny tfi mista obou
pfipravenych ligandti mohou byt soucasné obsazena jak CB7, B-CD i jejich libo-
volnymi kombinacemi. Kalorimetrické titracni experimenty rovnéz nenaznacuji,
Ze by pevnost vazby kazdého dalsiho makrocyklu byla znatelné ovlivnéna makro-
cykly jiz pfitomnymi. Proto hodlame v blizké budoucnosti vyuzit tyto tritopické
ligandy pro studium supramolekularniho sitovani modifikovanych biopolymert.
V prvni sérii linedrnich tritopickych ligand® jsme se rozhodli vyuzit poznatky
o adamantylovanych imidazoliovych solich a zkombinovat tyto vazebné motivy
s centrdlnim bifenylovym motivem. Z&kladni architektura ligandu tedy byla
A—B—A. Kladné nabité jednotky pak byly pouzity dvé - imidazolium
a benzimidazolium (navic substituované v poloze 2 methylem nebo fenylem).
Prestoze vysledky této studie jsou predmétem Publikace 4.7, dovolim si zde, v né-
kolika vétach, nastinit hlavni zlomové okamziky vyzkumu téchto mole-
kul a nejpodstatnéjsi vysledky. Prvni dalezity moment nastal jiz pi#i studiu li-
gandt modelujicich samotné centrdlni vazebné misto. Pfestoze afinita k B-CD se
ukazala byt pro oba motivy, tedy jak pro bismidazoliovy i pro bisbenz-imidazoli-
ovy, priblizné stejna (B-CD komplex druhého uvedeného je pouze 2,8x stabilnéjsi),
ligand na bazi stericky objemnéjsiho benzimidazolia vykazoval, na rozdil od imi-
dazoliového analoga, pomalou vyménu vzhledem k ¢asové skale NMR (500 MHz).
Tato skutec¢nost se projevila zdvojenim signalti ligandu inkludovaného v kavité
B-CD s neekvivalentnimi portaly. Pfi prizkumu chovani nasich, jiz tritopickych,
ligand®i v terndrnich systémech jsme postupovali tak, Ze k ligandu byl pfidadn nad-
bytek B-CD a smés byla poté titrovana roztokem CB7. Bisimidazoliovy ligand vy-
tvotil s B-CD komplex se stechiometrii 2:1 (ve prospéch B-CD) s makrocykly
na termindlnich adamantanovych vazebnych mistech. Po pridani CB7 pak doslo
k posunuti jedné B-CD jednotky na centrdlni bifenylové vazebné misto a jejimu za-
mceni dvéma CB7 makrocykly na terminédlnich mistech. Analogicky ligand odvo-
zeny od benzimidazolia dokdzal vytvofit jiz se samotnym B-CD komplex se
stechiometrii 1:3. Pfitomnost B-CD na centralnim vazebném misté byla indikovana
zdvojenim signala ligandu i B-CD a pomoci DOSY spektroskopie. Pfidany CB7
pak vytésnil B-CD z termindlnich pozic, zatimco centralni B-CD jednotka ztstala
na svém misté. Dllezitym zavérem préce bylo, kromé zjisténi, ze sterické branéni
vazebného mista muze vést paradoxné k lepsi schopnosti vazat makrocykly, od-
haleni funkce CB7 na vysoce afinitnich adamantanovych termindlnich vazebnych
mistech jakozto efektivniho supramolekularniho zdmku, ktery znemoznuje dosa-
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Zeni, nebo naopak opusténi centrdlntho mista jinym makrocykliim. Pokud byl
totiz pfipraven komplex G@CB7>Ad, nedoslo po pridani ani velmi vysokého nad-
bytku B-CD k jeho navazani do stfedové pozice. Je ovSem nasnad¢, Ze v dostatec¢né
dlouhém c¢asovém ramci by obsazeni stfedového mista mohlo byt pozorovano.
Na zakladé naSich experimentti miizeme zodpovédné prohlasit, Ze ¢as potfebny
pro takovy vyvoj systému, pozorovatelny pomoci 'H NMR je delsi nez nékolik
mésict. Tento jev byl nezavisle pozorovan, a tim potvrzen, védci z jiné skupiny
na obdobnych tritopickych ligandech s termindlnimi ferrocenovymi motivy.”
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Schéma 2 Syntéza dikarboxylovych kyselin bicyklo[1.1.1]pentanu,'8

bicyklo[2.2.2]oktanu,'® kubanu? a diamantanu.!

V dalsi praci jsme se zamé¥ili na syntézu a popis linearnich tritopickych ligandt
s A—B— A usporadanim vazebnych mist obsahujicich vhodny klecovy uhlovodik
v centralni pozici (B). Aby bylo mozné klecovy uhlovodik zapojit do stfedu mole-
kuly ligandu je nezbytna disubstituce uhlovodikové klece. ProtoZe cilové makro-
cykly (tedy CBn a CD) maji kavity , vélcovité”, jinymi slovy, stfedy portald a té-
zisté celé molekuly makrocyklu lezi na pfimce, jsou pro konstrukci centralniho
motivu vhodné takové uhlovodiky, které lze disubstituovat v ose (vazby
k substituentim lezi na p¥imce). Z klecovych uhlovodika relativné dobie synte-
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ticky dostupnych tomuto predpokladu vyhovuji bicyklo[1.1.1]pentan
(1,3-disubstituovany), bicyklo[2.2.2]oktan (1,4-disubstituovany), kuban
(1,4-disubstituovany) a diamantan (4,9-disubstituovany). Nevyhodou téchto za-
kladnich skelett, jenz zna¢né omezuje jejich vyuZiti pfi konstrukci mutlitopickych
ligandti, je obtiznd dostupnost vhodnych derivatt vyuzitelnych v dal$i syntéze
findlnich ligandG. Vhodné substituované derivéaty téchto uhlovodik{i jsou jen
omezené dostupné z komerc¢nich zdrojli, navic za ceny, které jsou neadekvatni
tomu, Ze k cilovym ligandim je moZné dospét jen dalsimi nékolikakrokovymi
syntézami. Synteticky je mozné tyto derivaty pfipravit zpravidla zdlouhavymi
postupy (viz Schéma 2). Jediny klecovy uhlovodik pouZivany pro konstrukci li-
gandd s velmi vysokou afinitou k makrocyklim CBn, jehoZ derivaty jsou ko-
mer¢né dostupné (respektive, dostupné za rozumnou cenu), je adamantan.

ONMe; ONMe, ® ®
NMe3 NMe3
D 1
NMe3
®NM63
12,23 4 81 12,57 13,52
log K(CB7)

Obrazek 3 Vybrané derivaty adamantanu a hodnoty asocia¢nich konstant s CB7.

Ve vztahu k uvazovanému vyuZziti pro konstrukci centralnich, tedy disubstituova-
nych, vazebnych motivli mé tento uhlovodik zasadni nevyhodu plynouci pfimo
zjeho struktury. Adamantanovy skelet nelze disubstituovat v ose. Vazby
ke dvéma substituentiim na atomech tercidrnich uhlika sviraji klasicky tetraed-
ricky thel 107°27'. Stejny thel pak sviraji vazby v protilehlych pozicich
na atomech sekundérnich uhlikt. Vzhledem k tomu, Ze adamantanova klec témér
presné vyplnuje kavitu CB7 a lze ji tedy teoreticky v kavité pouze otdcet kolem
nabité skupiny v poloze 1 (napfiklad trimethylamoniové) v optimalnim stfedu
portadlu CB7, druha takova skupina v poloze 3 stericky koliduje s vnitfni sténou
kavity. Situace pfi disubstituci v polohach 2 a 6 je pouze o malo lepsi a to jen
proto, Ze substituenty jsou od sebe vice vzdaleny. Nevhodnost téchto geometric-
kych vlastnosti 1ze demonstrovat velikostmi interakénich konstant disubstituova-
nych derivatd s CB7 uvedenymi na Obrazku 3. Za povSimnuti stoji velmi nizka
hodnota K pro komplex CB7 s 1,3-bis(trimethylamonio)adamantanem, ktera na-
znacuje, ze v tomto pfipadé nejde o inkluzni komplex a ligand se pravdépodobné
koordinuje k portadlu CB7 z vnéjsi strany. RovnéZ minimalni nardst afinity k CB7
po pridani jednoho trimethylamoniového substituentu do polohy 6 v molekule 2-
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adamantyl-N,N,N-trimethylamonia naznacuje, Ze obé kladné nabité skupiny se
nemohou soucasné efektivné vazat v protilehlych portalech CB7.

Pro vyse uvedené diivody” jsme od pocatku navrhu centralniho vazebného mo-
tivu na bazi 1,3-disubstituovaného adamantanu uvazovali o del$ich flexibilnich
spojkach mezi adamantanovou kleci a kationtovymi skupinami, aby bylo umoz-
néno umisténi obou kationtovych skupin v blizkosti protilehlych portald CBn
pfi soucasném setrvavani adamantanové klece uvnitt kavity makrocyklu. Jako
vhodny komeréné dostupny derivat adamantanu se ukazala adamantan-1,3-dioc-
tova kyselina,t kterou bylo mozné pfevést na prekurzor se dvéma ethylenovymi
mustky sledem redukce a Appeleho bromace. Z tohoto prekurzoru byly pfipra-
veny tfi ligandy s rdznymi termindlnimi substituenty, z nichZ jeden obsahoval tfi
vazebna mista na bazi adamantanu v uspofddani A—B—A.

Jiz pfi préci na pfedchozim projektu, kdy se ndm podafilo pfipravit ternarni
supramolekuldrni architekturu s jednim cyklodextrinovym makrocyklem zamce-
nym na centralnim vazebném misté pomoci dvou CB7 na termindlnich pozicich,
jsme uvazovali o konstrukci ligandu, ktery by umoznoval inverzni uspofadéni,
tedy cucurbiturilovy makrocyklus v centrdlni pozici uzavieny dvéma cyklodex-
triny. Tento cil se ndm nepodarilo dosdhnout v systému s 3-CD a CB7, kdy byl po-
zorovan pouze komplex G@(CB7.T, 3-CDF€). Protoze vSak centralni motiv vykazo-
val vyssi afinitu k CB8 nez k CB7, byl ve smési tritopického ligandu, CB8 a -CD
pozorovan pozadovany inverzni komplex G@(CBS8C, 3-CD,T). Takto se nam poda-
filo demonstrovat, Ze vhodné zvolenymi hodnotami asocia¢nich konstant jednot-
livych vazebnych mist 1ze cilené piipravit razné pozadované supramolekuldrni
uskupeni. Pfipraveny komplex miiZe navic slouzit jako rozpustny zdroj CB8, ktery
je jinak ve vodném prostiedi prakticky nerozpustny. Ternarni ligand pak mtize
poskytnout CB8 i pro jinak nepreferovany komplex s jinym monotopickym ligan-
dem (naptiklad T2 na Schématu 3), ktery vjednoduché smeési CB7/CB8/T2
upfednostiiuje CB7. Pfi vhodném nastaveni afinit jednotlivych vazebnych mist tak
bude z termodynamického hlediska preferovany komplex s opa¢nym makrocy-
klem, nez v prosté smési tohoto ligandu s CB7 a CB8 (viz Schéma 3).

* Nutno pfiznat anachronismus argumantace 2,6-disubstituovanymi derivaty adamantanu, které
byly popséany v roce 2016, paralelné s nasi praci o centrdlnim motivu na bazi 1,3-disubstituovaného
adamantanu. O 2,6-disubstituci adamantanu jsme nikdy v nasi skupiné neuvazovali.

t Jsem si védom toho, Ze tento nadzev je nespravné, ovsem i v odborné literatufe velmi casto,
pouzivan namisto systematického (3-(karboxymethyl)adamantan-1-yl)ethanova kyselina.
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Schéma 3 Tritopicky T1—C—T1 nosi¢ CB8 podporujici vznik nepreferovaného kom-
plexu.

Jiny piiklad reorganizujictho se supramolekularniho systému zaloZeného
na hetero-tritopickém ligandu typu A—B—C je schematicky zndzornén na Sché-
matu 4. Molekula ligandu je slozena ze tfi riznych vazebnych motiva T1, C a T2.
V prvnim kroku mftize vznikat terndrni komplex se dvéma rliznymi jednotkami
CBn na termindlnich vazebnych mistech T1 a T2. Tento komplex se po pridani
tfettho makrocyklu, pfikladné B-CD reorganizuje posunutim CB7 makrocyklu
na centralni misto, coZ je spojeno s disociaci druhého CB6 z mista T2. V tuto chvili
je systém pripraven na detekci nového ligandu, fikejme mu T3. Pokud ma ligand
T3 hodnotu logK k CB6 mensi nez 5 bude se systém vyvijet tak, jak je naznaceno
na Schématu 4, tedy T3 vytvoii komplex s CB7 a tritopicky ligand bude preferovat
komplex s B-CDT! a CB6T2. Jestlize ovsem bude hodnota logK komplexu T3@CB6
vétsi nez 7, vznikne pravé tento komplex s CB6 nachéazejicim se v roztoku a ter-
narni komplex tritopického ligandu ziistane beze zmén. Takovy systém se muze
zdat byt piilis slozitym pro prostou detekci ligandu T3 dokud si ovSem neuveédo-
mime, Ze umoznuje odhadnout velikost asocia¢ni konstanty T3 k CB6 a tim napti-
klad zatadit neznamy T3 do uZzsi skupiny struktur. Pfipravou takovychto reorga-
nizujicich se systémt se aktualné zabyvame.

AT ‘-».@ N LALNO)

logK| T1 T2 T3 C
BCD| 5 2 5 5
cB6| 1 6 1 1
CB7| 9 4 127

Schéma 4 Ttritopicky T1—C—T2 ligand vystupujici jako molekularni sonda
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3.4 Post adamantanové obdobi.

Dalsim krokem ucinénym pii studiu multitopickych ligandi byla snaha o rozsi-
feni portfolia vhodnych vazebnych mist o dalsi strukturni motivy. Limity ada-
mantanového skeletu, detailnéji rozebrané vyse, 1ze shrnout do jedné véty. Ada-
mantanovy motiv lze plné vyuzit pouze jako terminalni vazebné misto, nebot
uplatnéni na centrdlni® pozici znesnadiiuje nemoZznost axidlni disubstituce
adamantanové klece. Pfi hledani dal$ich uhlovodikovych skeletti tedy adjektivum
"vhodny" zahrnuje nejen rozumnou syntetickou dostupnost a rozmér odpovidajici
cilovym makrocykléim, ale rovnéz moznost axidlni disubstituce. Hned po odhaleni
velmi vysokych afinit derivatd ferocenu a adamantanu k CB7 byla rodina téchto
vyjimecnych ligandd obohacena o derivaty bicyklo[2.2.2]oktanu a posléze i o jed-

- 1

noduché amoniové derivaty diamantanu.

o] 180 109,5
d[A] 193 263 271 343 4,64 2,52 3,55
CH 56 812 86 1118 14/18 10/14

Obrazek 4 Uhlovodikové klece, thly mezi vazbami k substituenttim, vzdalenost mezi C-
atomy z nichz tyto vazby vychazejit a nekraceny pomér mezi poctem C- a H-atom klece.

Snaha o pfipravu novych derivati uhlovodikovych kleci je ospravedlnitelna
dvéma strukturnimi aspekty. Na jedné strané stoji snaha o maximélni vyplnéni
dutiny makrocyklu, coZ vede k maximalnimu piispévku disperznich sil ke stabili-
zaci komplexu. Na druhé strané je nutné uvazovat o optimalni vzdalenosti mezi
kationtovymi substituenty tak, aby mohly byt umistény v idealnich pozicich
v protilehlych portdlech CBn. ProtoZze u uhlovodikovych kleci nelze ménit
uvedené parametry néjakou jednoduchou piimocarou homologizaci, tak jako
naptfiklad u linedrnich uhlovodikti (pficemz i zde lze geometrické parametry
ménit pouze skokové v nasobcich délek vazeb), je nezbytné zamyslet se nad vSemi
dostupnymi (axidlné disubstituovatelnymi) klecemi, vhodné derivéaty piipravit

" Centralni pozici se v $irSim slova smyslu mysli jakdkoliv neterminalni pozice, tedy napfiklad
i pozice B, pfipadné C v ligandech typu A—B—B— A pfipadné A—B—C—B—A.

t Spocitano pro dimethylované derivaty programem Avogadro v1.0.3, optimalizované pomoci
molekulové mechaniky s vyuzitim pole MMFF94.
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a jejich supra molekuldrni chovani experimentalné ovéftit. Posledni vlastnost stojici
za zminku, spiSe vyhoda neZz nezbytnost, je maly pocet signdld v 'H NMR
spektrech uvaZovanych kleci souvisejici s jejich vysokou symetrii. Na Obréazku 4
jsou uvedeny struktury a vzdalenosti mezi atomy uhliku v axidlnich pozicich
(takové atomy uhliku, z nichz sméfuji vazby k dals$im substituentim opacnym
smérem, ale v jedné pfimce). Meziportalova vzdalenost u CBn, tedy vzdélenost
mezi rovinami prolozenymi portalovymi atomy kyslikti je 6,1 A (pfipocteme-li
dvojnédsobek van der Waalsova poloméru atomu kysliku dostaneme v literatufe
hojné citovanou ,vysku” CBn soudku 9,1 A) Z uvedenych struktur se této
hodnoté nejvice blizi klec diamantanu. Pfipomernime si, Zze komplex
4,9-bis(trimethylamonio)adamantanu a CB7 je dosud nejstabilnéjsi znamy nekova-
lentni komplex dvou monovalentnich partneri. VSechny ostatni uvazované klece
maji vzdéalenost mezi atomy uhliku nesoucimi substituenty vyrazné mensi. Z toho
plyne nutnost oddalit kationtové skupiny u ligandi odvozenych od téchto uhlo-
vodikit pomoci vhodnych, napfiklad methylenovych, mastké. Takto byly ptipra-
veny a studovdny napfiklad  trimethylamoniomethylové  derivéty
bicyklo[2.2.2]oktanu.1%

ProtoZze z naSich pfedchozich experimentt s bisimidazoliovymi solemi odvoze-
nymi od bifenylu (Publikace 4.7) vyplynuly ponékud odlisné asocia¢ni konstanty
k CBn a CD ve srovnani s trimethyamoniovymi analogy (nehledé na dalsi apli-
kacni potencial imidazoliovych soli zminény vyse), rozhodli jsme se prozkoumat
supramolekuldrni chovani dosud nezndmych bisimidazoliovych soli odvozenych
od bicyklo[2.2.2]oktanu, i prestoZe analogickd bistrimethylamonia byla v té dobé
jiz popsana. Vysledky tohoto vyzkumu zatim nejsou shrnuty do podoby ucelené
publikace, a proto nejsou soucasti této prace. V jesté méné rozpracované podobé
se nachazi projekt pfipravy vazebnych motivii s modulovanou vazebnou afinitou
na bazi diamantanu.

Pfi prizkumu dostupnych informaci o ligandech na bazi klecovych uhlovodiki
nas zaujala absence jakychkoliv kationtovych ligandt odvozenych od velmi
atraktivniho uhlovodiku kubanu. Pokud je ndm znamo, existovala pouze jedna
supramolekularni prace popisujici neutralni kubanovy ligand v systémech s CD.22
Kationtové derivaty kubanu, ziejmé castecné opravnéné, vyvolédvaji skepsi stran
jejich stability, nebot je zndmo, Ze jiz u 1,4-dihydroxymethylkubanu dochazi
vmirné kyselém prostitedi k rozpadu kubanové klece. Rovnéz derivaty
s amoniovymi skupinami pfimo vazanymi na kubanovou klec byly shledany jako
velmi nestabilni.2 My jsme se vSak rozhodli ptipravit ligandy s kationty na bazi
imidazolia, kde je kladny naboj delokalizovdn po aromatickém heterocyklu
acilové latky by tak mohly byt za laboratorni teploty stabilni. Navic jsme,
z geometrickych dévodt popsanych vyse, vlozili mezi imidazoliové kruhy
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a kubanovou klec methylenové miustky.” Pf¥iprava a supramolekularni chovani
prvniho takto navrzeného a posléze pripraveného dikationtového ligandu odvo-
zeného od kubanu (struktura na Obrazku 5, vlevo) je hlavnim obsahem Publikace
4.9. Kromé samotné piipravy a stanoveni asocia¢nich konstant s CB7, CB8 a 3-CD,
se nam podafilo vypéstovat monokrystaly komplextt GCB7 a G@CB8 a urcit je-
jich strukturu pomoci difrakce Rontgenova zafeni. Nejzajimavéjsim strukturnim
rysem uvedenych komplexti je vyrazné elipticky tvar portalé CB8 oproti témét
idedlné kruhovému CB7 a znatelné posunuti imidazoliovych kationti ze stfedu
portalu u komplexu s CB7 ke strané portald u komplexu s CB8. Tato nami pozoro-
vana tendence CB8 stabilizovat kationty nikoliv ve stfedu nybrz pfi strané portalu,
vytvaii dal$i prostor pro pfipadné zvysSovani afinity ligandt pfiddnim vice na-
bitého substituentu. Kationt umistény pii strané portdlu ponechava totiz proti-
lehlou ¢ast portalu volnou pro dalsi mozné ion-dipdlové interakce s delSimi,
vicendsobné nabitymi substituenty. Timto smérem se s velkou pravdépodobnosti
ubiraji lovci rekord(i hledajici novy nejstabilnéjsi komplex. Na druhou stranu
ovSem, v nedavné dobé publikované ligandy na bazi 2,6-disubstituovaného di-
amantanu, které tvofi nejtabilnéjsi dosud znamé komplexy s CB8 (pro uvedenou
disubstituci —N*HMe(CH2)sOH je K=9,2-10* M™),2* maji atomy dusiku nesouci
kladny ndboj umistény prakticky ve stiedu eliptického portalu CBS. Elipticky tvar
je CB8 vnucen s nejvétsi pravdépodobnosti tvarem diamantanové klece, ktera lezi
svou podélnou osou v ekvatorialni roviné CBS.

/
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Obrazek 5 Jiz popsany a dalsi perspektivni modelové ligandy na bazi kubanu.
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Zajem o derivaty kubanu byl rovnéz motivovan otdzkou, zdali je kubanova klec
schopna vstoupit do kavity CB6. O tomto homologu CB je zndmo, Ze bi-
cyklo[2.2.2]oktan nevéaZe, ale napfiklad derivaty 2,3-diazabicyklo[2.2.1]heptanu

* Nadto byl pouzity synteticky postup zahrnujici transformaci skupiny —COOH na —CH,OH
a dale na —CHo,Br, ktery byl poté vyuzit pro substituci na N1 atomu imidazolu v nasi laboratofi
dobfe zndmy a hojné pouzivany.
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ano.? Pro posouzeni geometrické kompatibility je mozné, v prvnim pfibliZeni,
pouzit prosté porovndni objemt kavity pfislusného homologu CB a zkoumané
klece. Je sice zfejmé, Ze veskery objem ,velké” klece nemusi byt nutné
v pfipadném komplexu piitomen uvnitf kavity a naopak u ,malé” klece mohou
byt v kavité pfitomny i nékteré atomy substituent(i, ale zdkladni obrazek
o prostorovych narocich a z toho plynoucich komplexa¢nich moZznostech ndm
tento pristup mutze poskytnout. Pro kvantifikaci geometrické podobnosti byl za-
veden balici koeficient PC?¢ vypocitany podle prosté rovnice (1)

PC =100 E—IV—L (1)

C

kde Vc je objem kavity a VI je objem ligandu. Hodnoty V¢ pouzité pro vypoéty PC
uvedenych na Obrazku 6 jsou prevzaty z prace W. Naua.?” Objem ligandu Vi je
mozné spocitat z pfispévkil jednotlivych atomi a vazeb?8 dle rovnice (2)

V, =3 n IV, 592N, —147[N, -38[N,, )

kde Va4 je van der Waalstiv objem atomu pfislusného prvku, Ng je pocet vazeb
(nehledé na jejich fad), Na, je pocet aromatickych kruhti a Na; je pocet alifatickych
kruhti a i reprezentuje vSechny prvky v molekule.

Hodnoty PC a prislusné objemy zdkladnich uhlovodikovych kleci jsou
uvedeny na Obrazku 6. Pfi letmém pohledu se zda, Ze hranice ve velikosti klece
umoznujici komplexaci v kavité CB6, lezi nékde mezi sedmi a osmi tézkymi
atomy” a z tohoto thlu pohledu by kuban se svymi osmi C-atomy v kleci inkluzni
komplexy s CB6 tvofit nemél. Na druhou stranu, bicyklické derivaty maji vyzazné
niz$i pomér C/H neZ pentacyklicky kuban, ktery m4, mimochodem jako jediny
mezi uvazovanymi disubstituovanymi uhlovodikovymi klecemi, pomér
(Nc/Nn)>1. Protoze ani H-atom®m nelze upfit jisté prostorové naroky, je vysoce
kompaktni kubanové klec znatelné mensi nez naptiklad klec bicyklo[2.2.2]oktanu
se stejnym poctem atomitt uhliku (ale dvojnasobnym pocétem atomti vodiku).
Objem samotného kubanu, jak je patrné z Obrazku 6, predstavuje pouze 70%
objemu bicyklo[2.2.2]oktanu. Navic vodikové atomy jsou u kubanu orientované
blize ekvatorialni roviné CBn v pomyslném komplexu, tedy v misté, kde je kavita

-----

" Wernerem Nauem publikovand nejvétsi klec tvorici s CB6 inkluzni komplex je nesubstituovany
2,3-diazabicyclo[2.2.1]hept-2-en,? ktery ma objem (90 A?) i piislusné PC (PCcps=63%, PCcrr=37%
a PCcps=24%) znatelné mensi nez zdkladni uhlovodik diky nahradé dvou uhlikovych atomt
mensimi atomy dusiku a diky absenci ¢tyf vodikovych atomt.
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portaldm. Jiny thel pohledu zohlediiuje hodnoty PC. Optimalni hodnota PC se
zda byt nékde okolo 55% (45% je napiiklad podil volného prostoru ve vodé) a ma
se za to, Ze Cisté z geometrického hlediska budou tvofit stabilni inkluzni komplexy
ty ligandy jejichZ hodonota PC pro pfislusnou kavitu spada do intervalu 45-65%.1°
Hodnota PC kubanové klece pro CB6 je sice vyssi nez optimdlni, ale porad
bezpe¢né lezi uvnitt vyse uvedeného intervalu. Tyto tvahy nds vedly
k vyzkouseni schopnosti CB6 inkludovat kubanovou klec. Rovnhou mizeme
pfiznat, Ze jediny dosud pfipraveny dikationtovy ligand odvozeny od kubanu
(Obrazek 5 vlevo) inkluzni komplex s CB6 za podminek naSich experimentti
netvori. Pfi¢inou miize byt samotny rozmér klece, pficem by hlavnim omezenim
byla spise neschopnost kubanové klece proniknout portdlem CB6 nez geometricka
nekompatibilita s vnittkem kavity, ale nelze vylou¢it ani negativni vliv imidazo-
liovych heterocyklt ptfipojenych methylenovym mtistkem. V takovém usporadéni
se relativné objemné imidazolium nutné dostava do sterické kolize satomy
portdlu CB, coz mtze zamezit vzniku inkluzniho komplexu. Z téchto davodd
planujeme pro tcely testovani s CB6 piipravit jiné kationtové derivaty kubanu
s kationty vice vzdalenymi od kubanové klece, pfipadné derivaty pouze jednou
substituovaného kubanu (Obrazek 5).

VIAY 189 85 70 105 122 174 81
PC CB6 133 60 50 74 86 123 57
PCCB7 78 35 29 43 51 72 34
PCCB8 51 23 19 29 33 47 22

Obrazek 6 Pohled shora a z boku na vybrané klecové uhlovodiky superponované sche-
matickym nakresem kavity CB7 (oranzova) a CB6 (zelend). Vpohledu zhora piedstavuje
mensi kruznice primér portalu a vétsi kruZnice pramér kavity v ekvatoridlni roviné. Na-
kres je proveden v méfitku dle publikovanych rozméra CBn.2 Dimethylované derivaty
uhlovodiki zleva: diamantan, kuban, bicyklo[1.1.1]pentan, bicyklo[2.2.1]heptan,

bicyklo[2.2.2]oktan, bicyklo[3.3.3]Jundekan a benzen.
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Kromé adamantanu, diamantanu, kubanu, bicyklo[2.2.2]oktanu a potazmo fe-
rocenu, kterym se ale v nasi skupiné (zatim) nezabyvame, existuji minimalné dvé
dalsi potencidlné =zajimavé axidlné disubstituovatelné uhlovodikové Kklece
vyuzitelné pro konstrukci vazebnych motivii v supramolekularnich systémech.
Prvnim z nich je bicyklo[1.1.1]pentan a druhym pak bicyklo[3.3.3Jundekan.
Na Obrézku 6 jsou dobfe patrné proporce téchto dvou uhlovodikovych skeletti
ve srovnani s jinymi, vySe zminénymi a rovnéz v porovnani s rozmeéry kavit CB6
a CB7. Bicyklo[1.1.1]pentan by tak mohl byt zajimavym ligandem pro CB6
(ptiblizné stejné tak vhodnym jako je bicyklo[2.2.2]oktan pro CB7), zatimco

N

u vyssiho homologu bicyklo[3.3.3]Jundekanu je opravnénd pochybnost, zdali by
viibec prosel portdlem CB7. Kazdopadné by ale tento nejvyssi homolog typu bi-
cyklo[n.n.n] se symetrickou kleci (dle vypoctd konformaéniho chovani i podle
ojedinélych piipadid pfipravy a strukturniho popisu nékterych derivatd jsou ra-
mena kleci vys$ich homologi flexibilni a samotné klece jsou pak zborcené3’) mohl
slouzit jako strukturni zéklad pro konstrukci liganda pro CBS.

0
o] H:N—  oH V4

o}
‘ ) .
/& CHeN 1) MesSICN. }\[ HNO L . _ DTsNHNH, A
Vv > v uaH, (/7 (/'/ 7 2) NaBH,CN, ZnCl, :
i
2 _?_’ ~C T T 2
\ Hooc \ \

Schéma 5 Priprava bicyklo[3.3.3]undekanu®

Ze syntetického hlediska je potenciadlni vychozi derivat pro ptfipravu liganda
odvozenych od bicyklo[1.1.1]pentanu relativné snadno dostupny postupem po-
psanym na Schématu 2. Naproti tomu, v literatufe popsana chemie
bicyklo[3.3.3Jundekanu je prekvapivé chudd. Kromé pfipravy souvisejiciho
[3.3.3]propelanu® a samotného bicyklo[3.3.3]Jundekanu®? (Schéma 5) je popséna
pfiprava jen nékolika malo derivata (1,5-diol, 1,5-dimethyl) a rovnéz chemicka
reaktivita zminénych uhlovodik@i v dostupné literatufe nijak rozvedena neni.
Vzhledem ke znaénému potencidlu v oblasti supramolekuldrni chemie
povazujeme pfipravu vhodnych ligandd na béazi bicyklo[3.3.3]Jundekanu za
velkou vyzvu.

36



PREDMETNE PUBLIKACE

V. KOPIE PREDMETNYCH PUBLIKACI

4.1

Novel adamantane bearing anilines and properties of their supramolecular
complexes with [3-cyclodextrin.

Robert Vicha®, Michal Rouchal, Zuzana Kozubkové, Ivo Kufitka Petra Brann4, Richard Cmelik

Supramolecular Chemistry 2011, 23, 663-677

37



PREDMETNE PUBLIKACE

Supramolecular Chemistry
WVol. 23, No. 10, October 2011, 663677

Taylor & Francis
Taylor & Francis Group

Novel adamantane-bearing anilines and properties of their supramolecular complexes
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Several novel anilines bearing 1-adamantyl substituents that are useful for drug modification were synthesised from the
corresponding 1-adamantyl (nitrophenyl) ketones. The host—guest systems of these prepared ligands with B-cyclodextrin
(B-CD) were studied using electrospray lonisation mass spectrometry, NMR spectroscopy, titratdon calorimetry and semi-
empirical calculations. The complexes with 1.1 stoichiometry were found to predominantly exist as pseudorotaxane-like
threaded structures with the adamantane cage sitting deep in the cavity of B-CD close to the wider rim. Such geometry was
observed for all examined amines and is independent of their structure and/or presence of protic substituents.

Keywords: adamantane; amines; cyclodextring; host—guest systems

1. Introduction

Since the first description of the antiviral activity of 1-
adamantylamine in 1964 (1), various compounds contain-
ing the adamantane scaffold have been shown to exhibit
antiviral (2), anticancer (3) and antimicrobial (4) activities;
such compounds have also been described as hypogly-
caemic (J), proapoptotic (6) and neuroprotective (7)
agents, as well as possible treatments for hypertension,
vascular inflammation (&) and tuberculosis (9). Adaman-
tane-bearing compounds can also serve as cannabinoid
receptor Hgands (7). This well-founded interest is related
to a unique property of the adamantane cage that can
improve the characteristics of biologically active com-
pounds. As a result of its high lipophilicity, adamantane
should increase the rate of transfer of a modified drug
through cell membranes and thus facilitate the distribution
of the dmg. On the other hand, the formation of
supramolecular complexes with B-cyclodextrin (B-CD)
(11) significantly increases drug’s solubility in water. CD
drug carrer systems have been studied extensively in
terms of solubility, bioavailability and stability (12). This
attention has yielded several commercial pharmaceutical
products based on CD host—guest complexes (12). The
adamantane-bearing amines are suitable candidates for
drug modification, e.g. as ligands in preclinically tested (3)
platinum derivate LA-12 (Figure 1, left) or as building
blocks for displacement of C6 substituent in purvalanol-
like promising anticancer drugs (Figure 1, right). However,

the steric hindrance of bulky adamantane may lead to
attenuation of the desired activity if the scaffold is
introduced too close to the active site of the drug (13),
hence the need for preparation and property investigation
of new suitable adamantane-bearing building blocks is
Justified.

Although inclusion complexes of B-CD with 1-
adamantyl-based compounds have been studied for a
long time, previous efforts have focused on small ionic
guests (J4). Some structural data have also been published
for more complex ligands (75). In most of these cases, the
nature of the inclusion complexes is determined by the
structure of host and/or guest molecule. It is reasonable to
suppose that the geometry and stability of host—guest
complexes are affected by substituents adjacent to the
adamantane cage. Therefore, we have prepared several
new potential building blocks with modulated polarity and
variable linker length between the adamantane and
benzene ring units. The host—guest complexes of these
prepared anilines and B-CD were investigated using
electrospray ionisation mass spectrometry (ESI-MS), 'H
and 1*C NMR spectroscopy, and titration calorimetry.

2. Results and discussion
2.1  Syuthesis of amines

The nitro intermediates were prepared following pre-
viously described procedures, including the ketone

*Corresponding author. Email: rvicha @ft.utb.cz

ISSN 1061-0278 print/ISSN 1029-0478 cnline
2011 Taylor & Francis

httpfidx ded org/10 1080/1 0610278 2011 593628
hitp:fwww tandfonline com

38



PREDMETNE PUBLIKACE

664 R. Vicha et al.
o)
o)“\
H;N,,M ] \\\CI HN Cl
e
HQN/‘ \m /OH o N
e / N
o N N )\
LA-12 Purvalanol A

Figure 1.

preparation (76) and nitration with acetyl nitrate (I7) as
shown in Scheme 1. Regioisomers were separated by
column chromatography, and compounds 3-8 were used
as starting materials for further reactions.

Aminoketones 6—8 were prepared in methanolic HC
solution using iron powder as a reducing agent. The iron
powder used in this reaction was obtained from iron
pentacarbonyl decomposition (purchased from commer-
cial source); use of iron fillings or turnings led to
considerably longer reaction times. Amines 68 are rather
unstable at room temperature as a free base (but may be
stored for several months at —10°C) and decompose to
dark brown oily products within a few days. Unfortunately,
transformation to their corresponding solid hydrochloride
salts via introduction of dry gaseous hydrogen chloride
into diethyl ether or hexane solution only provided oily,
brownish products.

Aminoalcohols 13-15 were prepared from nitroke-
tones in two steps. Selective reduction using NaBH,
proved to be very effective in our case, and we obtained
nitroalcohols 9-11 in excellent yields (—~ 93%) in 30 min.
Reduction of the nitro group was carried out using iron
powder in a methanol/TICI (1/1, v/v; conc. HCI was used)
mixture. Amines 13 and 14 were isolated either as free
bases (pH adjustment followed by extraction) or directly as
hydrochloride salts. Attempted preparation of aminoalco-
hol 15 in the same manner failed due to undesirable
nucleophilic substitution, and methoxyamine 12 was
isolated in 85% vield. Therefore, catalytic hydrogenation

Structural formulas for selected promising anticancer drugs.

on Ra—Ni was employed in the preparation of amine 15
{Scheme 2). Attempts to prepare aminoalcoheols from
compounds 3—5 in one step using less selective reducing
agents such as LiAIH, or Hy/Ra—Ni were not successful,
and complex mixtures were obtained.

Amines with non-polar hydrocarbon spacers between
the adamantane and benzene ring moieties (25-27) were
also prepared in two (via 1,3-dithianes) or three (via 1,3-
dithiolanes) steps. This synthesis invelved the formation of
the corresponding S, S-acetals, followed by the reduction of
the nitro group by iron powder in alcohol/HCI mixture and
reduction/desulphurisation with H, on Ra—-Ni catalyst
(Scheme 3). Although the yields of the first step were
excellent {(about 90% of isolated products 16—20), the
following steps were accompanied by some difficulties.
Nitrodithiane 18 was treated with Ra—Ni in ethanol under
hydrogen atmosphere and was successfully desulphurised.
The nitro group was also reduced under these conditions,
but an undesirable substitution occurred, and the
corresponding N-ethyl derivative was identified as the
main product. Dithiane 16, however, afforded required
amine 27 under the same conditions. Although the isolated
vield was not excellent, no side products were detected by
either TLC or GC analysis. Due to the very poor solubility
of dithicacetals in hexane, redaction with H, could not be
performed without the use of a more polar solvent. We
attempted the reduction of dithiane 18 in a dioxane/hexans
mixture (1/1, v/v), bui under such conditions, the nitro
group was reduced to an amino group, while the dithiane

O LG, GuCl, AlCI; __ACONO,
M+ R—Mgx
R” ™l "THF. DEE, 0°C Ac,0, —15°C | —NOz
R=Ad, R'=Ph, n=0 o o .
R=Ph, R=GH, Ad, n=1 3 para, n=0; 4 meta, n=0; 5 mela, n=1

Scherne 1.

Reaction pathway leading to 1-adamanty]l (nitrophenyl) ketones.
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Ha, Ra-Ni J]Doxane

NH5 O 4,710 13
15,8 11,14
Para substituted

3

3
15 OH n=0:3 6 9,

Scheme 2. Synthesis of aminoketones and aminealcohols.

ring did net react. As a result, the comesponding
aminodithiane derivative was isolated. Similarly, nitro-
dithiane 17 afferded the comesponding aminodithiane in
an ethanol/hexane reaction medium. Thus, a two-step
procedure was necessary for the smooth transformation of
nitredithianes to the required amines. Iren in {PrOH/HCI
and Ra—Ni in diexane were used for nitro group reduction
and desulphurisation, respectively (Scheme 3).

2.2 ESI-MS analysis

Seolutions of individual amines, as well their 1:1 mixtures
with 3-CD, were studied by ESI-MS. The dominant ions
corresponding to the amines were the pseudomolecular

Meta substiuted Fara substituted
m=n.a.;n=0: 4,27 m=n.a.;n=0:3, 25
m=1; n 016 m=1,n=0: 17, 21
m=na. n=1" 5 26 m:O;n:0'19,23g\/©\
m=0; n=1: 20, 24 NH
m=1, n=1:18, 22 27

Ha. Ra—NITEtOH

BF 4 Et,C
—_—
Dithiole

25,26

Scheme 3. Synthesis of anilines with non-polar linker.
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ions [M + H]V, accompanying the signals at m/z values
about two times zs high (exactly [2 X (M + H) — 11 or
[2XDM + 23]+)A The latter ions were observed when a
polar functional group (oxeo or hydrexy) was present in the
amine molecule, as shown for amine 13 in Figure 2(a).
These signals are assumed to be related to associates of
dimer linked via hydrogen bends with a proton er sedium
cation, respectively. The formation of analogous dimers in
the solid state has been observed for aminoalcohol 15 (18).
In the amine/B3-CD mixtures, the protonated amine and
sodium adduct of B-CD, as well as protonated 3-CD-—
amine complex, were detected for a1l examined amines
(Table 1). Figure 2(b) shows a typical spectrum of an
equimolar mixture of B-CD and amine 27. The tandem
mass spectrum of the protonated complex showed a
characteristic fragmentation pattern, which confirms its
identity. The 1ons at m/z 1136, 974, 811, 649 and 487
resulted from the successive losses of amine and glucose
residues of the 3-CD moiety (Figure 2(c)).

2.3 The geometry of host—guest complexes

The (3-CD is a heptamer built up from glucopyranose umits
linked by «-1,4-glyeosidic bonds with a very well-known
structure (79) that it is often deseribed as a doughnut with
rims of differing diameters. The larger diameter
comesponds to the secondary rim where secondary
hydroxyl groups at C2 and C3 are located; primary
hydroxyl groups at Cé are placed on the cpposite smaller
primary rim due to the non-alternating orientaticn of the
glucose units. The interior of the cavity has steric
constraints due to H3 and H5 protruding into the cavity
(F4c). Schematics with the relevant dimensions of 3-CD
and the prepared amines are displayed in Figure 3.

The internal diameter of the cavity is likely to be
slightly smaller than the diameter of the nearly ball-shaped
adamantane meiety, which cannot pass through it easily
but still fit well in the interior of the B-CD cavity. As a
result, two distinet complexes may form. The adamantane
moiety can be located either at the primary rim region or at
the secondary rim region. In a solution, a reasconable
orientation of a short and, in most cases, charged,
substituent bound to adamantane is outside the B-CD
cavity (I4c, 15aq). CGecupancy of the primary rim was
observed only when the secondary rim was blocked.
Higher thermodynamic stabilities were calenlated for
complexes with the adamantane unit sitting in the
secondary rim (I4c). However, it is reasonable to suppose
that a non-pelar substituent of appropriate length may
thread through the cavity of B-CD. Thus, four possible
arrangements of 1:1 adamantane and (3-CD complexes
should be considered. These arrangements are illustrated
in Figure 4.

All examined systems obey the fast exchange mode on
the NMR timescale, and thus only cne set of signals was
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Figure 2. BSI-MS data for amine 13 (a), equimolar mixture of amine 27 with B-CD (b), and MS” spectrurn of amine 27-B-CD

complex, target mass — 1377 10/z (¢).

Table 1. Results of MS analyses — ionic species observed for
arnine with and without the presence of 3-CD.

Exact mass

[2-amine + [B-CD +

[Amine + H]™ Na]*t amine + H]T

Amine  Cale. Found Cale. Found  Cale. Found
6 256.2 2361 5334 5333 13906 13906
7 256.2 2361 5334 5333 13906 13906
8 270.2 2701 5614 5613 14046 14048
12 2722 2121 5654 - 1406.6 14068
13 2582 2381 5374 5372 13926 13926
14 2722 2721 5654 5654 14066 14067
15 258.2 2381 5374 5372 13926 13928
21 3462 3461 7144 - 14806 14807
22 3602 3602 7424 - 14946 14947
24 3462 3463 7144 - 1480.6 14808
25 2422 2428 5054 - 13766 13767
26 25602 2363 5334 - 13906 13907
27 2422 2421 5054 - 1376.6 13766

observed in all cases. Unfortunately, the shifts observed
upon complexation for the host and guest protons were
small (<2107 ppm), and determination of thermodynamic
parameters from NMR titrations was generally impossible.

NH,
Primary rim
«—0.60—(H5 ‘
0.78
+«—0.66— \H3 !

Secondary rim

1.53

— 02—

Figure 3. Schematic representations of B-CD and the prepared
guest molecules with dimensions shown in nanometres.
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Figure 4. Schematic representations of possible geometries of host—guest systemns under consideration. S, secondary; P, primary; L,
internal; B, external. (Previously published ({4) geometiic parameters were considered.)

‘We observed reproducible complexation-induced shifts of
the well-resolved "H NMR signals only for guest 14.
Although the Job plot for the IS5 protons (Figure S1) of
the adamantane guest indicates a 1:1 stoichiometry, the
analysis of titration data was unsatisfactory. The fitting of
experimental data to the theoretical rectangular hyperbola
using the standard least square regression procedure
{MicroCal ORIGIN) led to an estimation of association
constant being ~40M ', but the systematic discrepancy
between the theoretical data and best-fit curve is too high
(Figure 82). We attribute this discrepancy to the influence
of higher ordered, hvdrogen-bonded complexes on the
observed chemical shifts. Nevertheless, the downfield
shifts for guest protons H4-6 (on the adamantane cage)
and upfield shifts for H1, H2A’B, Hil4 and H16-18 were
clearly observed (Figure S3).

The observed NOE interactions between guest
protons bound to the adamantane cage (H4-6 for guest
14) and inner hydrogen atoms of the CD cavity suggest
the formation of an inclusion complex with adamantane
positioned inside the B-CD cavity. The observation of
relatively sirong NOE interactions between guest protons
HZ and @-CD-HS5, together with weak (if any)
interactions with B-CD-H3, indicates the occupancy of
the secondary rm of (-CD by the adamantane cage.
Additionally, in the case of all hydroxylated guests (13—
15), the NOE interactions between the inner [3-CD
hydrogen atoms and H6,, of adamantane are significantly
weakened or completely missing from the spectra,
whereas those with 6., are observed. A portion of the
NOESY spectrum of a mixture of amine 14 and 3-CD is
shown in Figare 5 (top). However, 'H NMR signals of 3-
CD mner protons H3 and protons H6 of the secondary rim
were significantly overlapped in dimethyl sulphoxide
{(DMSO) solution, and mnterpretation of the observed
cross-peaks in standard NOESY spectrum became
ambiguous. Therefore, we applied a 2D 'H-"C gs-
HMOQC-NOESY experiment to increase the speciral
resolution by employing a carbon frequency in an indirect
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dimension to assign the individual NOE contacts
mnequivocally. A schematic of the host—guest complex
7-B-CD and its observed inieractions are depicted in
Figure 5 (bottom). Both the observed interactions of
adamantane protons H4 and HS with 3-CD carbons C3
and the absence of interactions between these same
protons and B-CD carbons C3 indicate a positioning of
the adamantane cage inside the B-CD cavity with
bridgehead-substituted carbon C2 located close to the
secondary rim of 3-CD. In addition, observed interactions
of phenyl protons H13 and H17 with p-CD carbons C6
and C5 support the proposed structural model in which
the aromatic part of the guest protrudes from the
secondary rim of B-CD (Figure 3). According to the
notation in Figure 4, the observed arrangement of the
examined host—guest complexes is assigned as SL

The binding properties of prepared guests 6—8, 13-15
and 25-27 were studied using isothermal titration
calorimetry. All three aminoalcohols 13-15 exhibited
additional heat release during both titration and dilution
experiments; therefore, thermodynamic parameters could
not be determined. This observation may be reasonably
attributed to additional equilibria related to the dis-
sociation of dimers and/or higher associates of guest
molecules. In addition, dilution data of these aminoalco-
hols did not fit the theoretical curve using a simple
‘dissociation” model, which takes into account only dimer
dissociation. Therefore, it is reasonable to assumne
additional equilibria involving higher-ordered associ-
ations. Anilines 25 and 27 exhibited some exothermic
process that very slowly equilibrated. This slow equili-
bration thwarted the collection of usable data. The
obtained values of binding constants, enthalpies, entropies
and steichiometries of the complexes for aminoketones 6—
8 and amine 26 are listed in Table 2. For the typical raw
data, integrated values of heat released and the fitted carve
for guest 7, see Supplementary data, Figure S4.
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Fipure 5. A portion of the NOESY spectrurn of a 1: 1 mixtare of guest 14 with §-CD (top); A portion of the gs-HMQC-NOESY spectrum
of a 111 mixture of guest 7 with B-CD (bottorn). Detatled comment may be found in the text. Signals of host and guest nuclel are labelled
as B-CD and G, respectively.

Table 2. Thermodynamic parameters for inclusion complex formation of guest molecules and 3-CD dertved from calorimetric titration
experiments in DMSO/water (3/1, v/ mixture at 30°C.

Guest EM Y AH [KImol 1 ASIK 'mol Y n

6 186 + 23 35+ 14 71 1.1+ 04

7 226 + 25 46 = 15 105 1.0+ 03

8 313 + 55 38+ 17 75 1.0+ 04

26 694 + 28 44 + 3 88 0.93 + 0.05
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26-SE 26-Sl

14-PI 14-Sl

Figure 6. Minimised structures of complexes of B-CD with
amine 26 and 14, respectively.

2.4 Computation

To sapport the structural conclusions about host—guest
complexes formulaied from NMR analysis, we performed
the modelling of these complexes for amines 14 and 26
with 3-CD at a semi-empirical level of theory. Seini-
empirical PM3 method (20) proved to perform well across
a diverse group of macrocycles, particularly for CDs (21).
Moreover, the PM3 method was selected among available
semi-empiricals because of its superiority to AMI in
dealing with hydrogen-bonded molecules (22). Although
PM3 methed chosen for our preliminary calculations
appearad to be a powerful tool in conformational stadies of
supramolecular systems, computed relative energies
should be handled with the full awareness of the weakness
of semi-empiricals in relative energy estimations and
interpreted along with the comroborating experimental
data. An exhaustive, up-to-date theoretical study may

require equilibrinim  geometries generated by PM3,
combined with single-point energy calculations at higher
levels of theory, preferably density functional theory
(DFT) which accounts thermochemistry better than semi-
empirical methods, as these sequential methods are
reported in the recent literature and successfully applied
for the CDs (23).

A series of calculations, described in detail in the
Experimental section, yielded geometries and energies for
several examined positions. The most energetically
favoured geometries for amines 14 and 26, for both
directions of their virtual threading through the B-CD
cavity, are depicted in Figure 6, and selected geometric
parameters and energies are collected in Table 2. In the
case of amine 14, the adamantane cage occupies the
secondary or primary rim with distances of C'gl —Oyg being
shorter than 0.16 nun, with the benzene ring positioned on
the opposite side of the B-CD. Inrespect to the orientations
defined in Figure 4, they may be called as ST and PI,
respectively. In the case of amine 26, the respective
threading resulted in geometres with adamantane located
close to the secondary rim with the Cgl —Oyg being shorter
than 0.12 nin, i.e. SE and SL For both examined aimines,
the complex with ST geometry was the most populated in
the thermodynamic equilibrium.

The calculations were performed for molecules in
vacuo, neglecting the fact that complex formation might
be driven by differences in solvation energies of the host—
guest complex and its building blocks. Moreover, the large
number of possible orientations of the 3-CD’s hydroxyl
groups is beyond owr consideration. Although only one
initial conformation of the CD was used for cach
minimisation, the method provides a consistent indicator
of the hydrogen bond stabilisation effect as well. To assess
the importance of hydrogen bonding in the complex
formation, a modelling experiment was performed. Non-
polar parent hydrocarbon (PH) (24) was virtually threaded
through the 3-CD¥s cavity in the same way as described
above with the amines. Hence, we obtained analogous
results for PH and amines 14 and 26, as shown in Table 3.
Although partial stabilisation of this complex geometry
via intermolecular hydrogen bonds was expected, it is not
clearly manifested here. Therefore, we suggest only a

Table 3. Selected geometric parameters and free energies for complexes of amines 14, 26 and PH with 3-CD.

Structure dnm]? { [nm)] a”] B0 Stabilisation energy [kJ/mol]
14-S1 +0.0295 0.0227 142,48 50.31 613.62
14-P1 0.1534 0.1534 163,49 S0.00 604.14
26-S1 +0.0636 0.0622 16.10 71.47 655.29
26-SE +0.1173 0.1158 3674 80.83 633.66
PH-SI +0.0930 0.0856 136.54 66.99 668.04
PH-SE +0.2223 0.2199 30.25 81.57 650.19

For the definition of Cgl, Cg2, Og and P, see the experimental part. 4 is Cgl- Og distance, [ is Cgl-P distance, e is Cgl- Og—Cg2 angle, Bis Cgl-Og— P angle.
*The positive or negative sign implies location of adamantane cage in cavity close to the secondary of primary tm, respectively.
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small contribution of intermelecular H-bends to the
stabilisation of the complex in the gas phase.

3. Conclusions

Ten new anilines-bearing adamantane with linkers of
varying pclarity and length were synthesised and fully
characterised using spectral methods. The inclusion
complexes of these anilines with B-CD were detected
using ESI-ion trap MS, and their structures were
determined by 2D NMR experiments in dimethyl
sulphoxide. In agreement with owr experimental NMR
data and molecular modelling, the most pepulated
inclusion complex between B-CD and adamantane guests
with a long, uncharged substituent may be charactensed as
a pseudcrotaxane-like structure in which the adamantane
group is sitting deep in the CD cavity close tc the wider
secondary rim of the 3-CD and the substituent protrudes
from the primary mm. Association constants of the
prepared amines and B-CD were estimated to be on the
order of 10° M™" by isothermal celorimetric titrations.
These binding properties allowed us to consider the use of
these prepared amines in further research on dmg
modification.

4. Experimental section
4.1 General

All starting compounds, reagents and solvents were
purchased from commercial seurces in analytical quality
and were used without further purification. Adamantane-1-
carbonyl chloride (I6) was prepared following =z
previously published procedure. Melting points were
measured cn a Kofler block and are uncorrected.
Elemental analyses (C, H, N, S} were performed on a
Thermo Fisher Scientific FlashEA 1112, Retention times
were determined using TLC plates (Alugram Sil G/UV)
from Macherey-Nagel and petrcleum ether/ethyl acetate as
mobile phase. Three compeositions of mobile phases were
used (v/v): system a (1/1), system b (4/1) and system ¢
(8/1). NMR spectra were recorded on a Bruker Avance 500
spectrometer operating at frequencies of 500.13 MHz ("H)
and 125.77MHz ("*C), and a Bruker Avance 300
spectrometer operating at frequencies of 300.13 MHz
(*H} and 75.77MHz (**C). 'H and *C NMR chemical
shifts were referenced to the signal of solvent ("H:
d(residual CHCls) = 727 ppm, &iresidual DMSO-
ds) = 2.50ppm; PC: 8(CDCly) = 77.23 ppm, S{DMSO-
ds) = 39.52ppm). The mixing time for NOESY (25}
experiment was adjusted to 500ms, and the spin-lock for
ROESY was adjusted to 400ms. The assignment of ‘H
signals for 3-CD was described previously (794). The 2D
'H-3C gs-HMQC-NOESY spectrum (26} was measured
at resonance frequencies of A00.15MHz (‘H) and
150.67 MHz (*C). The HMQC step was adjusted for

fe=145Hz with a subsequent NOE transfer of
700ms. The spectrum was recorded in phase-sensitive
meode using the echo—antiecho protocol (27). The IR
spectra were recorded in a KBr disc with a Mattson 3000
FI-IR instument. GC-MS analyses were run on &
Shimadzu QP-2010 instrument using a Supelco SLB-
5ms (30 m, 0.25 mm}) column. Helium was employed as a
carrer gas in a constant linear flow mode (38 cms™1);
100°C/7min, 25°C/min to 250°C, held for the required
time. Only peaks of relative abundance exceeding 5% are
listed. The electrospray mass spectra were recorded with
an Esquire LC ion trap mass spectrometer (Bruker
Daltenics, Bremen, Germany) equipped with an ESI
source. Sample solutions (8.8 WM in methanol/water, 1/1,
v/vy were introduced into the ion source at a flow rate of
3pl/min via a metal capillary held at high vcltage
(*3.5kV). The other mstrumental conditions were as
follows: drying gas temperature, 250°C; drying gas flow,
5 dm®/min and nebuliser pressure, 41.37 kPa. Nitrogen was
used as both nebulising gas and drving gas. The nozzle-
skimmer potential and octopole potential were modified
and optimised before each experiment. Isothermal titration
calerimetry measuwrements were done in a DMSO/HL,O
(3/1, vA) sclvent mixture using a VP-ITC MicroCal
instrument at 30°C. The concentrations of host in the cell
and guest In microsynnge were approximately 7.0 and
0.6 mM, respectively. The raw experimental data were
analysed using MicroCal ORIGIN software. The heats of
diluticn were taken into account for each guest compound.
Data were fitted to a theoretical titration curve using the
‘one set of binding sites’ model.

4.2  Quantum chemical methods

All theoretical caleulations were carried out using the
SPARTAN'08 software package (28). First, the imitial
geometries of amines 14 and 26 and 3-CD were optimised
with the PM3 methed without imposing any symmetrical
restrictions. A hypothetical PH, 1-(1-adamantyl)-2-pheny-
lethane, was used as a non-pelar reference to evaluate the
effect of hydrogen bonding. This hypothetical parent was
constructed and optimised using the same procedure as that
used for the amines. The input geometry for the
optimisation of B-CD was based on available crystal-
lographic data determined by XRD (19%). Initial approxi-
mations of amine—CD complexes were then constructed
using the optimised structures of both host and guest
moelecules. As in the case of ther ceonstituents, no
restrictions were imposed on the complexes. To character-
ise the mutual orientations of the molecules, the following
values were defined: the centre of mass of the four
bridgehead carbons in adamantane skeleton (Cgl), the
centre of mass of the seven glycosidic exygen atoms in 3-
CD (QOg), centre of mass of the six catbons of the benzene
ring (Cg2) and the best least squares plane of the seven
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glycosidic exygen atoms in B-CD (P). The sign in the half-
space according to P was defined to be poesitive close to
wider secondary rim and negative close to namrower
primary rim. Initially, the amine was positioned along the
molecular sevenfold axis of B-CD at 11 Cgl— Oy distances
ranging from 1.0 to — 1.0nm in increments of 0.2nm. The
resulting geometries were optimised. These optimised
gecmetries represent the sequential local mimima for an
amine passing through the CD cavity. The stabilisation
energy of complex formation was caleulated as the
difference between the energy of the complex and the
sum of energies of the guest and host caleulated
independently. The geometry with the absclute minimum
energy could in this way be described as the geometry of
inclusion complex. On the other hand, the rotation of the
guest melecule within the CDY's cavity was not tested, asitis
kmown that the optirmisation process automatically finds the
best relative rotational onentation of the guest and host
molecules (2¢). Under real condition, one could expect
water-filled central cavity in CDs that must be displaced if a
guest is to enter which would stabilise any interaction due to
hydrophobic effects. Therefere, it is expected that basic
considerations for this wvirtual experiment are not
compromised by neglecting of water molecules in
calculations. Because both the CD and the amine have
nen-equivalent sides following the threading route, two
distinet threading processes must be performed with sach
amine. It was decided to arrange the threading process as
adamantane-cn nto the secondary and primary rim of the
CD, respectively.

4.3  General procedure for nitro ketones reduction to
amino ketones 6—8

The ketone (1.05 mmeol) was disselved in methanol (30 ml)
and 6 ml of hydrochloric acidfwater (v/v, 1/1) was added.
Into the refluxed and well-stirred mixture, a portions of an
iren powder (2.33 mmel} were added successively. The
reaction was stopped when TLC indicated the consump-
tion of all starting material. The mixture was poured onto a
5% solution of NaOH (40 ml) and extracted several times
with diethy] ether. Combined organic layers were washed
with brine and dried over sodium sulphate. The crude
product was obtained after evaporation of the solvent in
DACUD.

4.3.1  I-Adamantyl-(4-aminophenylmethanone (6) was
purified by column chromatography (silica gel, system a)
to yield 257 mg (96%}) of a yellow crystalline powder. Mp
79-81°C, R:0.17 (system b}, anal. caled for C,7H, NO: C,
79.96%; H, 8.29%; N 5.49%; found C, 80.05%; H, 8.12%;
N, 5.63%. "H NMR (CDCly): 8 1.78 (m, 6H, CHy{Ad)),
2.07 (m, 9H, CH, + CH{Ad)), 6.69 (d, J = 8.6Hz, 2H,
Ph), 7.72 (d, J = 8.6 Hz, 2H, Ph) ppm. “CNMR (CDCl;):
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8728.6 (CH), 37.0 (CHy), 39.9 (CHy), 46.9 (C), 114.4 (CH),
129.3 (C), 131.¢ (CH), 1482 (C), 206.5 (CO) ppm. IR
(KBr): 3469 {m), 3347 (s), 2898 (s), 2847 (m), 1629 (s),
1586 (s), 1557 (m), 1517 (w), 1442 (m), 1322 (m), 1271
(s), 1241 (m), 1171 (s), 1112 (m), 986 (w), 929 (w), 841
(m), 751 (w), 643 (w), 614 (m), 511 (w) cm™ L. GC-MS
(EL 70eV)y;, miz (%) 65 (8), 79 (9), 92 (9), 93 (7), 120
(160), 121 (8), 135 (11), 255 (M*, 8).

4.3.2  I-Adamantyl-{3-aminophenyl)methanone (T) was
purified by column chrematography (silica gel, system a)
to yield 236mg (88%) of a colowrless crystalline powder.
Mp 97-100°C, Ry 020 (system b), anal. caled for
CrHy NO: C, 79.96%; H, 8.20%; N, 5.49%; found C,
79.80%; H, 8.35%; N, 5.37. '"H NMR (CDCl): 6 1.75 (m,
6H, CHy(Ad)), 1.99 (m, 6H, CHy(Ady, 2.07 (m, 3H,
CH{A)), 3.73 (bs, 2H, NH,), 6.72—6.77 (m, 2H, Ph), 6.91
(d, J = 7.6Hz, 1H, Ph), 7.16 (t, J = 7.6Hz, 1H, Ph) ppm.
BC NMR (CDCly): & 28.4 (CH), 36.8 (CH,), 39.3 (CH,),
47.1(C), 113.7 (CH), 116.8 (CH), 117.3 (CH), 128.9 (CH),
1412 (C), 1463 (C), 210.9 (CO) ppm. IR (KBr): 3474
{m}, 3381 (s), 2900 (s), 2850 (m), 1662 (s), 1626 (m), 1593
(m}, 1494 (m)}, 1446 (m), 1321 (m), 1295 (w), 1219 (m),
1180 (w), 991 (w), 793 (w), 731 (m), 682 (w), 649 (w)
em ™! GC-MS (EI, 70V, miz (%): 41 (8), 55 (6), 65 (13),
67(9), 77 (8),79 (24, 81 (7), 91 (7), 92 (18), 93 (23), 107
(12), 120 (20), 135 (100, 136 (113, 227 (6), 255 (M1, 24,
256 (5).

4.3.3  2-(1-Adamantyl}-1-(3-aminophenyllethanone (8)
was purified by coclumn chromatography (silica gel,
system b} to yield 289mg (92%) of a pale orange
crystalline powder. Mp 66-68°C, R 0.25 (system c), anal.
caled for CigHysNO: C, 80.26%; H, 8.61%; N, 5.20%;
found C, 80.11%; H, 8.49%; N, 5.23%. 'H NMR (CDCl,):
8 1.65 (m, 12H, CHo(Ad)), 1.95 (m, 3H, CH(AA)), 2.67 (s,
2H, CH,CO), 3.80 (s, 2H, NHy), 6.86 (&, 1H, 7 = 6.9Hz,
Phy, 7.20—7.33 (m, 3H, Ph) ppm. "*C NMR (CDCl}): &
29.0 (CH), 34.1 (C), 37.0 {(CHy), 43.2 (CHy), 51.5 (CH,),
1143 (CH), 119.3 (CH), 119.5 (CH), 129.4 (CH), 140.4
(C), 146.8 (C), 200.7 (CO) ppm IR (KBr): 3459 (m), 3405
(m), 3328 (m), 2899 (s), 2846 (s}, 1660 (s), 1627 (m), 1595
(m), 1453 (m), 1326 (m}, 1287 (m), 1197 (w), 1162 (w),
1143 (w), 1096 (w), 991 (w), 903 (w), 884 (w), 777 (w),
891 (w), 677 (w) cm L. GC-MS (EL 70 €V); miz (%): 41
(8), 55 (5), 65 (18), 77 (7). 79 (12), 91 (1), 92 (42), 93
(19), 106 (6, 107 (10), 120 (100), 121 (14}, 135 (20), 241
(5), 251 (6), 269 (M, 513, 270 (10).

4.4 General procedure for nitro ketones reduction to
nitro alcohols 9—11

The corresponding ketone (0.84 mmol) was dissolved in
warm ethanel (5 mly and solution was cooled in ice bath. A
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small portion of starting material formed a soft precipitate.
The sodium borohydride (40 mg, 1.04 mmol) was added
into this dispersion in cne portion at 0°C. The reaction
mixture was vigorously stired and temperature was
allowed to reach 20°C. After the consumption of all
starting material (accerding to TLC), the mixture was
poured cnto 1m HCl (10ml} and a pale yellow solid
precipitated. Mixture was extracted twice with diethyl
ether (10 ml), collected organic portions were washed with
brine and dried over Na,SCy. Crude product was obtained
after removing of the solvent in vacus.

441 I-Adamantyl-{4-nitrophenylmethanol (9) was
purified by crystallisation from methanol to yield 233 mg
{96%) of a pale yellow crystals. Mp 191-192°C, R: 0.11
(system b), anal. caled for Ci7H, NOs5: C, 71.06%; H,
7.37%; N, 4.87%; O, 16.70; found C, 71.34%; H, 7.45%;
N, 498%. ' NMR (CDCL): & 1.47-1.72 (m, 12H,
CHy(Ad)), 2.01 (m, 4H, CH(Ad), OH), 433 (s, 1H,
CHOH), 7.44 (4, J = 8.1 Hz, 2H, Ph), 8.18 (4, J = 8.5Hz,
2H, Ph) ppm. "CNMR (CDCl5): 628.4 (CH), 37.1 (CHy),
37.7 (C), 38.3 (CHy), 82.3 (CH), 122.8 (CH), 128.8 (CH),
147.5 (C), 148.8 (C) ppm. IR (KBr): 3565 (s), 3112 (w),
3081 (w), 2908 (), 2848 (s), 1600 (m), 1506 (s), 1450 (w),
1346 (s), 1312 (m), 1216 (w), 1168 (w), 1105 (m), 1038
(m), 977 (w), 938 (w), 855 (m), 830 (w), 80O (w), 760 (w),
720 (s), 701 (w), 637 (w), 740 (m) cm™ . GC-MS (EL
FOEVY; mi7 (%): 41 (8), 44 (14), 55 (6), 67 (8), 77 (8), 79
(18), 91 (5), 93 (17), 107 (10), 121 (6), 122 {14), 135 (100),
136 {12), 287 (M, 4).

442  I-Adamantyl{ 3-nitrophenyllmethanol (10) was
purified by column chrematography (silica gel, system b)
te yield 234 mg (97%) of a colowless crystalline powder.
Mp 104-106°C, Ry 0.20 (system b), anal. caled for
C17Ha NOs: C, 71.06%; H, 7.37%; N, 4.87%; found C,
70.83%; H, 7.18%; N, 4.55%. "H NMR (CDCl;): 8 1.27—-
L.71 (m, 12H, CHa(Ad}), 1.99 (m, 3H, CH(Ad)}, 2.10 (s,
1H, OH), 4.33 (s, 1H, CHOH), 7.49 (m, 1H, Ph}, 7.59 (m,
1H, Ph), 8.12 {m, 2H, Ph) ppm. *C NMR (CDCls): 6 28.9
(CH), 32.9 (C), 37.2 (CH,), 43.3 (CH,), 54.7 {CH,), 70.3
(CH), 120.9 (CH), 122.4 (CH), 129.6 (CH), 132.1 (CH),
148.6 (C), 149.0 (C) ppm. IR {KBr): 3543 (m), 3432 (m),
3106 (w), 3092 (w), 2906 (s), 2848 (s), 1525 (s), 1475 (w),
1448 (w), 1349 (s), 1312 (w), 1286 (w), 1194 (w), 1124
(w), 1088 (w), 1036 (m), 1021 (m), 982 (w), 930 (w), 909
(w), 806 (w), 813 (m), 722 (m), 693 (m), 661 (W), 618 (w)
em™". GC-MS (EL 70eVY; miz (%): 41 (10), 55 (7), 67
(10, 77 (13), 78 (5), 79 (26), 81 (6), 91 (7), 93 (22), 105
(5), 107 (12), 135 (100), 136 (11).

443  2-{1-Adamantyl}-1-(3-nizophenyl)ethanol (11)
was purified by column chromatography (silica gel,

system ¢) to yield 220 mg (87%) of a colowless crystalline
powder. Mp 68—-69°C, R¢ 0.51 (system ¢), anal. caled for
CgHasNO5: C, 71.73%; H, 7.69%; N, 4.65%,; found C,
71.56%: H, 7.44%; N, 4.83%. "H NMR (CDCly): 6 1.50(d,
J =26, 1H, AICH*H®), 1.59-1.79 (m, 12H, CH.(Ad)),
1.88 (d, F=3.6Hz, 1H, AICH*H®), 202 (m, 3H,
CH{Ad)), 5.05 (m, 11, PhCHOT), 7.52 {t. J = 7.9 Hz, 1H,
Phy, 7.70(d, J=7.6Hz, 1H, Ph), 8.13 (d, / = 8.3 Hz, 1H,
Ph), 8.23 (s, 1H, Phy ppm. "CNMR (CDCl,): §28.9 (CH),
32.9 (C), 37.2 (CHy), 43.3 (CHy), 54.7 (CH,), 70.3 (CH),
120.9 (CH), 122.4 (CH), 129.6 (CH), 132.1 (CH), 148.6
(C), 149.0 (C) ppm. IR (KBr): 3380 (bs), 3090 (w), 3072
(W), 2899 (s), 2845 (s), 1525 (s). 1445 (m), 1349 (s, 1314
(w), 1199 (w), 1160 (w), 1103 (m), 1066 (m), 1014 (w),
969 (w), 827 (w), 802 (w), 740 (m), 722 (m), 698 (m}, 676
(m) cm ™Y GC-MS (EI, 70eV); m/iz (%): £1(17), 43(5),
53(5), 55(12), 65(5), 67(22), 69(7), 77(2L}, 78(11), 79(35),
80(5), 81(21), 91(20), 92(11), 93(43), 94(8), 95(6),
105(13), 106(8), 107(28), 121(8), 134(6), 135(100),
136(14), 149(58), 150(15), 152(22), 266(17), 283(14).

4.5 General procedure for nitro alcohols reduction to
amine alcohols 12—15

The alcchols 13 and 14 and methexy compeound 12 were
prepared frem comresponding nitre alcohels in the same
way as the ketones 6—8.

4.5.1  4-fI-Adamantyl{ methoxylmethyl Janilinium chior-
ide (12-HCl) crystallised as the hydrochloride salt directly
from reaction mixture and no further punfication was
necessary. Yield: 275mg (85%) of a gold-yellow plate
crystals. Mp > 350°C, Ry (free base) 0.27 (system b}, anal.
caled for CgHysCING: C, 70.22%; H, 8.51%; N, 4.55%;
found C, 69.94%; H, 8.37%; N, 4.75%. "H NMR (DMSO-
dgy 8 1.34-1.60 (m, 12H, CH,(Ad)). 1.89 (m, 3H,
CH({Ad)), 3.08 (s, 3H, OCHs), 3.71 (s, 1H, CHOCH;),
7.27-7.36 {m, 4H, Ph), 10.28 (bs, 3H, NHY) ppm. '*C
NMR (DMSO-dg): 6 27.5 (CH), 36.5 (CHy), 37.7 (CH,),
56.9 (CH;), 90.8 (CH), 122.0 {CH), 129.3 (CH), 131.0(C),
137.8 (C} ppm. IR (KBr): 3437 (bs), 2905 (s}, 2847 (s),
2562 (s), 1625 (m), 1578 (m), 1556 (m}, 1507 (s), 1452
(m), 1360 (w), 1347 (w}, 1316 (w), 1241 (w}, 1175 (w),
1133 (w), 1085 (s}, 997 (w), 826 (w), 529 (m) cm . GC-
MS {dE, TOeV); m/z (%): 120 (7), 121 (6), 136 (100), 137
(9), 271 M7, 2).

452 I-Adamantyl-(3-aminophenyDmethanol (13):
Crude material was purified by column chrematography
(silica gel, system a) to yield 254mg (94%) of a pale
yellow crystalline powder. Mp 137-139°C, Ry 0.11
(system b), anal. caled for C;H;sNO: C, 79.33%; H,
9.01%; N, 5.44%; found C, 79.57%; H, 9.15%; N, 5.72%.
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'H NMR (CDCL:): 8 1.49— 1.66 (m, 12H, CH,((Ad)), 1.97
(m, 3H, CH(A)), 3.62 (bs, 2H, NH,), 4.12 (s, 1H,
CHOH), 6.60—6.67 (m, 3H, Ph), 7.10 (t, J = 7.6 Hz, 1H,
Ph) ppm. 'H NMR (DMSO-dg): 8 1.37-1.63 (m, 120,
CH(Ad)), 1.89 (m, 3H, CH(Ad)), 3.86 (d, J = 3.8 Hz, 1H,
CHOH), 4.77 (d, J = 3.8 Hz, 1H, CHOH), 4.85 (s, 2H,
NH,), 6.34-6.41 (m, 2H, Ph), 6.46 (s, 1H, Ph), 6.89 (t,
J = 7.6 Hz, 1H, Ph) ppm. "*C NMR (CDCl,): & 28.6 (CH),
29.9 (C), 37.3 (CH,), 38.5 (CH,), $3.2 (CH), 114.3 (CH),
114.8 (CH), 118.7 (CH), 128.5 (CH), 142.8 (C), 145.9 (C)
ppm. IR (KBr): 3394 (m), 2901 (s), 2847 (m), 2359 (w),
1606 (m), 1490 (w), 1457 (m), 1302 (w), 1125 (w), 1036
{(m), 885 (w), 750 (m), 730 (m), 700 (m), 667 (w), 585 (w),
418 (wyem - GC-MS (EI, 70 eV, miz (%): 41 (8), 55 (7),
65 (5), 67 (10), 77 (16), 79 (24), 81 (7), 91 (&), 92 (5), 93
(25), 94 (17, 107 (13), 120 (6), 121 (54), 122 (13), 135
(100), 136 (11), 257 (M*, 20), 258 (4).

4.5.3 2+ 1-Adamantyl}-1-(3-aminophenyl)ethanol (14):
Crude material was purified by washing with hexane to
vield 234 mg (82%) of a colowrless crystallne pewder. Mp
142 -145°C, R 0.57 (system a), anal. caled for CigHyeNO:
C, 79.66%; H, 9.28%; N, 5.16%; found C, 79.73%; H,
9.52%: N, 5.38%. 'H NMR (CDCls: & 1.50 (d,
J=2.6Hz, 1H, AICH*H®), 1.59-1.79 (m, 12H,
CH.(Ad), 188 (d, J=3.6Hz, 1H AdCH*H®), 202
(m, 3H, CH(Ad)), 5.05 (m, 1H, PhCHOH), 7.52 (t,
J=79Hz, 1H, Ph), 7.70 (d, J = 7.6 Hz, 1H, Ph), 8.13 (d,
J=83Hz, 1H, Ph), 8.23 (s, 1H, Ph) ppm. "*C NMR
(CDCls): 5289 (CH), 32.9 (C), 37.2 (CHy), 43.3 (CIL,),
547 (CHy), 70.3 (CH), 120.9 (CH), 122.4 (CH), 1296
(CH), 132.1 (CH), 148.6 (C), 149.0 (C) ppm. IR (KBr):
3380 (bs), 3090 (w), 3072 (w), 2899 (s), 2845 (s), 1525 (s),
1445 {m), 1349 (s), 1314 (w), 1199 (w), 1160 (w), 1103
(m), 1066 (m), 1014 (w), 969 (w), 827 (w), 802 (w), 740
{m), 722 (m), 698 (m), 676 (m) em~ ~. GC-MS (EL 70eV);
miz (%): 41 (8), 55 (5), 65 (53, 67 (7), 77 (17), 79 (11}, 81
(53,91 (7}, 92(5), 93 (15), 94 (72), 95 (7), 107 (6), 120 (6),
121 (20), 122 (160), 123 (9), 135 (7), 253 (5), 271 (M™,
28), 272 (6).

454  I-Adamantyl-(4-aminophenyl)methanol (15). The
nitrealechel 9 (259mg, £.90 mmol) was dissolved in
ethanol (40 ml) under H, atmosphere and large excess of
Ra-Ni was added portionwise until starting material
disappeared. Ra—Ni1 was filtered off, the filrate was
diluted with water and extracted several times with diethyl
ether. Collected organic portions were washed with brine,
dried over Na,504 and evaporated irn vacwe. Crude
material was purified by column chromategraphy (silica
gel, system a) to yield 227mg (98%) of a pale yellow
crystalline powder. Mp 143-146°C, Ry 041 (system a),
anal. caled for Ci7HasNO: C, 79.33%; H, 9.01%; N,
5.44%; found C, 79.09%; H, 9.23%; N, 5.28%. "H NMR
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(CDCls): 6 148—1.67 {m, 12H, CH,Ad)), 1.97 (m, 3H,
CH(AY), 3.53 (bs, 2H, NHy), 4.11 (s, 1H, CHOH), 6.64
(d, J = 8.3 Hz, 2H, Ph), 7.06 {d, J = 8.1 Hz, 2H, Ph) ppm.
B¢ NMR (CDCls): 8 28.8 (CH), 29.9 (C), 37.5 (CH,),
38.5 (CHy), 83.1 (CH), 114.5 (CH), 128.9 (CH), 131.8 (C),
145.8 (C) ppm. IR (KBr): 3378 (m), 2905 (s), 2847 (m),
1615 (m), 1514 (m), 1447 (w), 1265 (m), 1175 (w), 1128
(W), 1046 (mn), 844 (w), 811 (W), 572 (m), 535 (w), 481 (w)
em ™" GC-MS (EI, 70eV); w7 (%): 77 (9), 79 (7, 93 (7),
04 (12), 120 (9), 121 (38), 122 (100), 123 (8), 135 (5}, 257
(M7, 4.

4.6 General procedures for nitrodithianes 16—18 and
nitrodithiolanes 19, 20 formation

The ketone (.35 mmol} was dissolved m dichloromethane
(2ml) and correspending dithicl (1,2-ethanedithiol or 1,3-
propanedithicl; 0.55 mmeol) was added. The solution was
cooled in ice bath to 0°C and stirred for 30 min. After this
period, boron trifluoride-diethyl ether (1.00 mmol) was
added dropwise and the mixture was stirred at rcom
temperature until TLC indicated complete disappearance
of the starting material. The mixture was diluted with
CH,Cly (20 ml} and washed three times with 5% solution
of NaOH (10ml). The crganic layer was washed twice
with brine, dried over NaySOy and evaporated in vacuo.

4.6.1  2-{I-Adamantyl}-2-(3-ritrophenyl)-1,3-dithiane
(16) was purified by crystallisation from hexane/CH,Cl,
to yield 121 mg (92%) of yellow needles. Mp 191-193°C,
Ry 042 (system ¢), anal. caled for CygH,sNG,S,: C,
63.96%; H, 6.71%; N, 3.73%; S, 17.08%; found C,
64.23%: H, 6.55%; N, 3.37%; S, 17.12%. 'H NMR
(CDCl3): 61.58 (m, 6H, CH,(Ad)), 1.83 (m, SH, CHL(Ad),
SCH,CH,), 1.97 (m, 3H, CH{Ad)), 2.45 (m, 2H,
SCH*HE®), 2.67 (m, 1H, SCH"), 271 (m, 1H, SCH®),
7.57 (t, J= 7.9Hz, 1H, Ph), 8.15 (d, J = 8.3 Hz, 1H, Ph),
8.33 (d, J= 7.9 Hz, 1H, Ph), 8.85 (s, 1H, Ph) ppm. °C
NMR (CDCls): 625.4 (CHy), 27.8 (CH,), 28.9 (CH), 36.8
(CH,), 37.6 (CHy), 41.7 (C), 702 (C), 122.0 (CH), 127.4
(CH), 128.7 (CH), 138.6 (CH), 141.0 (C), 148.7 (C) ppm.
IR (KBr): 2904 (s}, 2846 (s), 1521 (s), 1469 (w), 1447 (w),
1420 (w), 1351 (s}, 1310 (w), 1273 (w), 1172 (w), 1093
(w), 1010 (w), 979 (w), 940 (w), 892 (w), 313 (w), 787 (w)
726 (m}, 694 (m) cm~ L. GC-MS (EL 70eV); miz (%): 41
(11), 55 (5), 67 (8), 77 (), 79 (20), 81 (5), 91 (6), 93 (17),
107 (103, 120 (5), 135 (100), 136 (12), 224 (£3), 225 (6),
240 (10), 375 (MT, 3).

40602  2-{I-Adamaniyl}-2-(4-nitropheryl)-1,3-dithiane
(17) was purified by crystallisation from hexane/CH,Cl,
to yield 120mg (91%) of yellow needles. Mp 218-220°C,
Ry 0.51 (system b), anal. caled for G, H,sNOG,S,: C,
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63.96%; H, 6.71%; N, 3.73%; 5, 17.08%; found C,
63.84%; H, 6.52%; N, 3.46%; 5, 16.95%. 'H NMR
{CDCl3): 8 1.57 (m, 6H, CHo(Ad)), 1.83 (m, 8H, CHa(Ad),
SCH,CH,), 1.97 (m, 3H, CH(Ad)), 2.46 (m, 2H,
SCH*H®}, 2.67 (m, 1H, SCHS), 2.71 {m, 1H, SCH"),
8.20 (m, 4H, Ph) ppm. “C NMR (CDCl;): & 25.3 (CH,),
27.8 (CH,), 28.9 (CH), 36.8 (CHy), 37.6 (CH,), 41.7 (C),
70.4 (C), 122.9 (CH), 133.6 (CH), 146.1 (C), 146.6 (C)
ppm. IR (KBr}: 2908 (s), 2848 (s), 1598 (m), 1515 (s}
1447 (w}, 1413 (w), 1349 (s), 1308 (s), 1283 (w), 1264 (w),
1110 (m), 1066 (w}, 1011 (w), 976 (w), 930 (w}, 855 (m),
839 (m), 794 (w), 727 (m), 696 (w} cm™". GC-MS (IE,
FOEVY, mfz (%) 41 (9), 77 (5), 79 (17), 81 (5), 91 (5), 93
(143, 107 (8), 135 (100), 136 (12}, 210 (5), 224 (21), 240
(5), 375(M™, 4).

463  2-{I-Adamantylmethyl})-2-(3-nitrophenyi}-1,3-
dithiane (18) was purified by crystallisation from hexane
to yield 125mg (92%) of yellow needles. Mp 174—176°C,
Ry 0.60 (system b), anal. caled for Cy;HyNO,S,: C,
64.74%; H, 6.99%; N, 3.60%; S, 16.46%; found C,
64.58%; H, 7.17%; N, 3.87%: S, 16.72%. 'H NMR
(CDClY: & 136 (m, 6H, CHy A, 151 (m, 6H,
CHa(Ady, 1.78 (m, 3H, CH(Ad), 1.94 (m, 2H,
SCH.CH,), 2.04 (s, 2H, AICHL), 2.64 (m, 4H, SCHy),
7.54 (t, F = 7.9Hz, 1H, Ph), 8.13 (d, J = 7.9 Hz, 1H, Ph),
8.33 (d, J= 9.2Hz, 1H, Ph), 8.86 (s, 1H, Ph) ppm. “°C
NMR (CDCls): & 24.8 (CHy), 28.1 (CHJ, 28.9 (CH}, 36.1
(C}, 36.8 (CHy), 44.0 (CHy), 57.6 (C), 59.8 (CHyy, 1222
(CH3, 125.1 (CH), 129.3 (CH), 136.0 (CH), 145.7 (C),
148.7 (C) ppm. IR (KBr): 3083 (w), 2899 (s), 2845 (s),
2672 (w), 1573 (w), 1523 (s), 1470 (w), 1448 (w), 1422
(m}, 1350 (s), 1311 (m), 1281 (w), 1270 (m), 1101 (m),
1091 (w), 1079 (w), 1032 (w), 996 (w), 863 (w), 802 (m),
776 (w), 733 (m), 707 (w), 687 (m} cm ™ L. GC-MS (EIL
F0 V), miz (%): 41 (11), 55 (11), 67 (13), 69 (5), 77 (8), 79
(28), 81 (10), 91 (10), 93 (24), 107 (18), 135 (100), 136
{13), 239 (43), 315 (7), 389 (M™, ).

4.64  241-Adamantyl)-2-(4-nitrophenyl)-1,3-dithiolane
(19) was purified by crystallisation from hexane/CH,Cl, to
yield 115 mg (919%) of colourless needles. Mp 185-189°C,
Ry 0.51 (system b), anal. caled for CoHyNOLS,: C,
63.12%; H, 6.41%; N, 3.87%; S, 17.74%; found C,
63.41%; H, 6.51%; N, 412%: S, 17.45%. 'H NMR
(CDCls: & 1.57 (m, 6H, CH.(Ady, 1.79 (m, 6H,
CHo(AdY, 1.99 (m, 3H, CH(Ad)), 2.98 (m, 2H, SCH*H®),
3.27 (m, 2H, SCH*H®), 7.97 (m, 2H, Ph), 8.10 (m, 2H,
Ph) ppm. “C NMR {CDCls): 6 29.0 (CH), 36.6 (CH,),
38.8 (CH,}, 39.9 (CH,), 41.3 (C), 86.4 (C), 121.6 (CH),
132.0 (CH), 146.8 (C), 151.6 (C) ppm. IR (KBr): 2903 (s),
2845 (m), 1600 (m), 1515 (s), 1447 (w), 1400 (w), 1345
(s), 1308 {w), 1145 {w), 1110 (m), 1014 (w), 979 (m), 8§53
(m), 842 (m), 809 (w), 728 (m), 697 (m), 638 (w), 503 (w)

em ' GC-MS (EL 70€VY; mfz (%) 41 (6}, 67 (7, 77 (5),
79 (18), 81 (5), 91 (3), 93 (17), 107 (10), 135 (100), 136
(133, 196 (103, 210 (8), 361(M ™, 3).

465  2-(I-Adamantyimethyl})-2-(3-nitrophenyi)-1,3-
dithiclane (20) was puwrified by crystallisation from
hexane/CH,Cl, to vield 110mg (84%) of a pale yellow
crystal. Mp 142 148°C, R 0.51 (system c), anal. caled for
CogHosNOLS,: C, 63.96%; H, 6.71%; N, 3.73%; S,
17.08%; found C, 63.98%; H, 6.58%; N, 3.95%; S,
16.82%. "HNMR (CDCls¥ & 1.30 (m, 6H, CHL(Ad)), 1.51
{m, 6H, CH.(AJ), 1.80 (m, 3H, CH(A)), 2.52 (s, 2H,
CCHAdY, 3.06 (m, 2H, SCH*H®), 338 (m, 2H,
SCH*H®), 746 {t, J=7.9Hz, 1H, Ph), 8.07 (d,
J=7.9Hz, 1H, Ph), 8.15 (d, = 7.9Hz, 1H, Ph), 8.71
(s, |H, Ph) ppm. CNMR (CDCls): §28.8 (CH), 35.5 (C),
36.8 (CH,), 38.9 (CHy), 43.6 (CHy), 58.3 (CHy), 72.5 (C),
1222 (CH), 123.0 (CH), 128.7 (CH), 134.1 (CH), 148.0
(C), 149.1 (C) ppm. IR (KBr}: 3677 (w), 2921 (s), 2902 (s),
2888 (s), 2841 (s}, 1524 (s), 1447 (w), 1348 (s), 1314 (w),
1277 (w), 1100 (w), 898 (w), 804 (w}, 736 (m), 685 (m),
588 (wiem L. GC-MS (EL, 70 €V); miz (%): 41 (83, 55 (8),
67 (93, 79 (23}, 93 (18}, 107 (93, 135 (353, 149 (6), 180 (6),
226 (100, 227 (12), 228 (103, 375(M™, 2.

4.7 General procedure for preparation af
aminodithianes 21 and 22

The correspending nitrodithiane (0.44 mmeoly was dis-
sclved in dioxane (7ml) and a suspension of Ra—Ni in
hexane was added to this soluticn. The mixture was stirred
and refluxed under hydrogen atmosphere. Further portions
of Ra—Ni were added until TLC indicated complete
disappearing of the starting material. The Ra—Ni was
filtrated off, resulting solution was diluted with water
(14 ml) and extracted with diethyl ether (6 X 15ml) and
hexane (1 X 20ml). Collected organic portions were
washed with water (3 X 30ml), brine (3 X 15ml) and
dried over NaySQOy.

471 2+ I-Adamantyl})-2-(4-aminophenyl}-1,3-dithiane
hydrochloride (21-HCI) was precipitated from hexane
solution of crude 21 by introducing dry HCL Yield:
146 mg (87%) of a colourless crystalline powder. Mp 140—
145°C, Ry (free base) 0.24 (system b), anal. caled for
CgnggC]NSg: C, 6288%, H, 739%, N, 3‘67%, S,
16.79%; found C, 62.73%; H, 7.19%; N, 3.62%; S,
16.98%. 'H NMR (CDCls): § 1.42— 160 (m, SH, CH,(Ad)
+ CHa(dithianey), 1.75 (m, 6H, CH,({Ad}), 1.92 (m, 3H,
CH(A)), 2.34 (m, 2H, CH,(dithiane)), 2.72 (m, 2H,
CHy(dithiane)), 7.43 (d, J= 8.6Hz, 2H, Ph), 7.92 (d,
J = 8.6Hz, 2H, Ph}, 10.34 (bs, 3H, NH;) ppm. “*C NMR
(CDCly): 6 24.7 (CH,), 27.0 (CH,), 28.0 (CH), 36.3 (CH,),
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37.0 (CHy), 41.6 (C), 69.8 (C), 122.4 (CH), 130.3 (C),
133.1 (CH), 136.5 (C) ppm. IR (KBr): 3466 (bs), 2905 (s},
2848 (s), 2597 (m), 1614 (w), 1541 (s), 1504 {m), 1447
(w), 1417 (w), 1359 (w), 1344 (w), 1306 (w), 1279 (w),
1024 (w), 978 (w), 836 (w), 789 (w), 526 (w) cm - GC-
MS (EL, 70eVy; miz (%oy: 41 (7), T7(5), 79 (9), 91 (5), 93
(7), 106 (10), 120 (20), 135 (10), 136 (28), 210 (100), 211
(13), 212 (9), 345 M1, 1).

4.7.2  2-(1-Adamantylmethyl)-2-(3-aminophenyi)-1,3-
dithiane (22) was pwified by column chrematography
(silica gel, system b) to yield 106mg (67%) of a pale
yellow crystalline powder. Mp 127-132°C, Ry 0.38
(system b), anal. caled for Gy HygNS,: C, 70.14%; H,
8.13%; N, 3.90%; 5, 17.83; found C, 70.33%; H, 7.94%;
N, 4.25%, S, 18.08%. "H NMR (CDCl3): & 1.40-1.58 (m,
12H, CH,(Ad)), 1.78 (m, 3H, CH(Ad)), 1.85-1.96 (m, 4H,
SCH,CH; 4+ CCH,Ad), 257 (m, 2H, SCH*H®), 2.78 (m,
2H, SCH*H®), 3.68 (bs, 2H, NH,), 6.58 (d, /= 7.9Hz,
1H, Phy, 7.14 (t, J = 7.9 Hz, 1H, Ph), 7.37-7.39 (m, 2H,
Ph} ppm. 2C NMR (CDCls): 8 25.2 (CHy), 282 (CHy),
29.0 (CH), 36.0 (C), 37.0 (CHy), 43.6 (CHy), 59.6 (CH,),
113.9 (CH), 1167 (CH), 120.6 (CH), 129.2 (CH), 143.3
(C), 146.6 (C) ppm. IR (KBr): 3443 (w), 3358 (w), 2363
(w), 1730 (w), 1614 (s), 1598 (s), 1489 (m), 1471 (w),
1448 (s), 1417 (w), 1346 (m), 1313 (m), 1277 (w), 1102
(w), 993 (w), BB1 (w), 781 (m), 768 (w), 710 (w), 604 (w),
667 (w), 457 (w) em L. GC-MS (EI, 70eV); m/z (%) 41
(173, 53 (5), 55 (143, 65 (7), 67 (17), 77 (13), 79 (44), 81
(13), 91 (25), 92 (5), 93 (36), 106 (7), 107 (19}, 117 (10},
118 (30), 119 (7), 135 (100}, 136 (30}, 210 (81), 211 (11),
212 (8), 224 (6), 251 (5), 252 (13), 253 (7), 284 (10), 285
(70), 286 (15), 359 (M*, 26), 360 (7).

4.8 General procedure for preparation of amino
dithiolanes 23 and 24

The cemesponding nitrodithiclane (3.37mmecl) was
dissolved m i PrOH (125 mly and hydrochloric acid/water
(1/1, wiv, 20 ml) and an iron powder (424 mg, 7.59 mmel)
was added. Into the well-stimed and refluxed mixture,
further portions of an iron powder (424 mg, 7.59 mmcl)
were added until TLC mdicated complete disappearing of
the starting material The mixtire was poured onte a 5%
solution of NaOH (120 ml) and extracted several times
with diethyl ether. Combined orgamnic layvers were washed
three times with water (3 X 15 ml) and dried over Na,SQ,y
overmight. The crude product was obtained after
evaporation of the solvent in vacus.

481  2-(1-Adamantyl}-2-{4-aminophenyi})-1,3-dithio-
lane (23) was purified by column chromatography (silica
gel, CHCly) te vield 827mg (74%) of a pale orange
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crystalline powder. Mp 121-124°C, Ry 0.31 (system b),
anal. caled for CoHysNS,: C, 68.83%; H, 7.60%; N,
4.22%: 58,19.34; found C, 68.73%; H, 7.45%; N,4.53%; S5,
19.02%. "HNMR {CDCl5): 6 1.56 (m, 6H, CHy(Ad)), 1.81
{m, 6H, CHa(AdY), 1.96 (m, 3H, CH{Ad)), 2.99 (m, 2H,
SCHAHEY, 323 (m, 2H, SCH*H®), 3.64 (s, 2H, NI,),
.58 (d, S = 8.6 Hz, 2H, Ph), 7.55 (d, J = 8.6 Hz, 2H, Ph)
ppm. C NMR (CDCl3): & 29.1(CH), 36.8 (CH,), 38.4
{CH,), 40.0 (CH,), 41.4 (C), 87.3 (C), 113.2 (CH), 131.9
{CH), 1332 (C), 145.0 (Cy ppm. IR (KBr): 3417 (w), 2902
{s), 2370 (m), 2341 (m), 1622 (m}, 1507 {m), 1280 (w),
1186 (w), 977 (w), 835 (w), 652 (w), 531 (w) em ' GC-
MS (EL 70eV); mfz (%): 79 (6), 93 (5), 124 (5), 136 (20),
196 (100), 197 (12), 198 (9), 331 (M*, 1).

4.82  2-(1-Adamantyimethyl)-2-( 3-aminophenyi)-1,3-
dithiolane (24) was purified by column chrematography
(silica gel, system b} to yield 1013 mg (87%) of a pale
vellow crystalline powder. Mp 115-120°C, Ry 0.29
(systemm b}, anal. caled for C,H,-NS;: C, 69.51%; H,
7.88%; N, 4.05%; S, 18.56; found C, 69.64%; H, 8.15%;
N, 4.27%; S, 18.33%. "H NMR (CDCly): 8 1.35 (m, 6H,
CH,(Ad)), 1.53 (m, 6H, CHa(Ad)), 1.80 (s, 3H, CH{Ad)),
244 (s, 2H, AdCH,C), 3.10 (m, 2H, SCH*H), 3.32 (m,
2H, SCH*H®), 3.65 (s, 2H, NH,), 6.52 (d, J = 7.9 Hz, 1H,
Ph), 7.05 (t, J = 7.9Hz, 1H, Ph), 7.18 (m, 2H, Ph) ppm.
B¢ NMR (CDCls): 6 28.9 (CH), 35.4 (C), 36.9 (CHy),
38.5 (CH,), 43.2 (CH,), 58.4 (CH,), 73.7(C), 113.8 (CH),
115.0 (CH), 118.7 (CH), 128.6 (CH), 145.8 (C), 146.9 (C)
ppm. IR (KBr): 3420 (w), 33435 (w), 2896 (s), 2844 (s),
1615 (m), 1597 (m), 1489 (m), 1445 (m), 1416 (w), 1363
(w), 1346 (w), 1313 (m), 1273 (w), 1103 (w), 994 (w), 781
{m), 694 (m), 452 (w) cm™~ - GC-MS (EL, 70 eV); m/z (%):
41 (6, 55 (63, 67 (6), 79 (17), 81 (5), 91 (8}, 93 (13}, 107
(6), 135 (23, 136 (12), 196 (100), 197 (12), 198 (9),
345(M™, 5).

4.9 General procedure for preparation of anilines 25
and 26

The correspending aminedithiclane (2.37mmcl) was
dissolved in dioxane (10ml)y and large excess of Ra—Ni
was added. The mixture was stirred and refluxed under an
Ar atmesphere. If repeated GC analysis showed no
significant progress, further portions of Ra—Ni were added
until the starting material was completely consumed. Ra—
Ni was filtered off, the filtrate was diluted with water and
extracted several times with diethyl ether. Cellected
crganic portions were washed with brine, dried over
NaySQy4 and evaporated in vacuo. The desired crude
product obtained as orange oil was subsequently converted
to the hydrochloride.

4.9.1 4-f1-Adamantylmethyljanilinium  chloride
(25HC1): The crude product was disselved m hexane/-
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diethyl ether and 25HCI precipitated when dry HCI was
introduced mte solution. Yield: 579mg (88%) of a
colourless microcrystalline powder. Mp 178-188°C, Ry
{(free base) 0.28 (system b), anal. caled for C17HxCIN: C,
73.49% H, 8.71%; N, 5.04%; found C, 73.22%; H, 8.53%;
N, 4.81%. "H NMR (DMSO-d;): 8 1.43 (m, 6H, CHy(Ad)),
1.57 (m, 6H, CH,(Ad}), 1.96 (m, 3H, CH(Ad)), 2.38 (s,
2H, AdCH,Ph), 7.19 (d, J=7.9Hz, 2H, Ph), 7.31 (d,
J = 7.9Hz, ZH, Ph), 10.43 (bs, 3H, NH?) ppm. "C NMR
(DMSO-ds): & 27.9 (CH), 32.9 (C), 36.4 (CH,), 41.6
(CH,), 49.5 (CH,), 122.5 (CH), 129.4 (C), 131.3 {(CH),
137.7 (C) ppm. IR (KBr): 2902 (s), 2848 (s), 1613 (w),
1573 (w), 1509 (m), 1450 (w), 1314 (w), 1205 (w), 817
{w), 601 (m), 526 (w}, 485 (m) e~ ~. GC-MS (EL 70eV);
miz (%y: 41 (6), 55 (5), 67 (73, 77 (12), 79 (23}, 81 (5), 91
(6), 93 (18, 166 (100), 107 (20), 135 (69), 136 (8), 241
(M™, 35), 242 (7).

4.9.2 3-f2-(1-Adamantyl}ethylJanilintum chioride
(26-HCI): The crude preduct was dissolved in hexane
and 26-HCI precipitated when dry HCl was introduced
inte seluticn. Yield: 491mg (71%) of a colowless
microcrystalline powder. Mp 142-150°C, Ry (free base)
0.25 (system b)), anal. caled for C 3H,sCIN: C, 74.07%; H,
8.98%; N, 4.80%; found C, 73.86%; H, 9.17%; N, 4.63%.
'H NMR (DMSO-dg): 6 1.30 (m, 2H, AdCIL), 1.52 {m,
6H, CHx(AdY, 1.65 (m, 3H, CH(Ad), 1.94 (s, 3H,
CH(AQ)), 2.55 (m, 2H, PhCH,), 7.22 (m, 3H, Ph), 7.36 (t,
J =7.9Hz, 1H, Ph), 10.37 (bs, 3H, NHs) ppm. "’C NMR
(DMSO-d,): & 28.1 (CH), 282 (CH,), 32.0 (C), 36.6
(CH,), 41.7 (CH,), 46.0 (CH,), 120.3 (CH), 122.7 (CH),
127.8 (CHJ, 129.5 (CH), 131.8 (C), 145.1 (C) ppm. IR
(KBr): 3429 (w), 2901 (s), 2845 (s), 2676 (w), 2605 (m),
2362 (w), 1962 (w), 1598 (m), 1576 (w), 1518 (w), 1490
(m), 1451 (m), 1359 (w), 1314 (w), 1243 (w), 1101 (w),
1046 (w), 790 (w), 691 (m), 524 (w), 437 (w) cm . GC-
MS (EL 70eV); miz (%): 41 (15), 53 (7), 55 (11), 67 (15),
77 (233, 78 (6), 79 (42), 80 (5), 91 (16), 93 (34), 94 (7), 105
(5), 106 (46), 107 (67), 119 (22), 120 (49), 121 (7), 135
(59), 136 (7), 149 (8, 255 (M*, 100), 256 (21).

4.9.3 3-(I-Adamantylmethyl)anilinfum  chioride
(2FHCly was prepared according to the procedure used
for previcus amines. The mitrodithiane 16 (338 mg,
.90 mmoly was dissolved in ethanol (40ml} under H,
atmosphere and large excess of Ra-Ni was added
porticnwise until starting material disappeared. The
crude product was dissclved in hexane and 27-HCI
precipitated when dry HCl was introduced inte sclution.
Yield: 188mg (75%) of a colowldess microcrystalline
powder. Mp 182-187°C, Ry (free base) 0.42 (system b},
anal. caled for C7HxCIN: C, 73.49%; H, 8.71%; N,
5.04%; found C, 73.62%; H, 8.51%; N, 5.24%. "H NMR
(DMSO-dy): 6 1.44 (m, 6H, CH,y(Ad)), 1.50-1,66 (m, 6H,

CHL(Ad)), 1.91 (m, 31, CH(Ad)), 2.38 (s, 2H, AdCTLPh),
7.07-7.11 (m, 2H, Ph), 7.20 (d, J = 7.9Hz, 1H, Ph), 7.37
(t, J=7.9Hz, 1H, Ph), 10.14 (bs, 3H, NH) ppm. 1°C
NMR (DMSO-ds): §27.9 (CH), 32.9 (C), 36.4 (CHy), 41.6
(CHy), 49.8 (CH,), 120.3 (CH), 124.4 (CH), 128.7 (CH),
129.6 (CH), 131.8 (C), 139.4 (C) ppm. IR (KBr}: 3421
{m), 2901 (s), 2846 (s), 2604 (m), 1602 (w), 1578 (m),
1518 {w), 1487 (m), 1452 (m), 1105 (w), 795 {m), 742 (w),
716 (w), 694 (m) cm ™~ '. GC-MS (EL 70eV); m/iz (%) 41
(6), 67 (83, 77 (8), 79 (193, 91 (5), 93 (163, 106 (11), 107
(133, 135 (100), 136 (11), 241 (M, 35), 242 (7).
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Novel building blocks for the synthesis of supramolecular components based on adamantane-bearing benzylamines were
prepared. The binding properties of these amines and the corresponding acetamides towards B-cyclodextrin (B-CD) were
studied using mass spectrometry, NMR spectrometry, isothermal titration calorimetry and semi-empirical calculations. It
was found that all of the examined guests predominantly formed 1:1 inclusion complexes in an enthalpy-driven manner with
assoclation constants of the order of 10°—10°M . Stronger binding to the B-CD cavity was observed for puests with a
longer spacer between the adamantane and benzene moieties and/or a 1,4-disubstituted benzene ring.

Keywords: adamantane; amines; cyclodextring; binding properties; host—guest systems

1. Imtroduction

Many examples of host—guest sysiems based on the
interactions between adamantane-bearing guests and 3-
cyclodextrin (B-CD) can be found in the recent literature.
The geometric and electronic properties of both the host
and guest components play important roles in the
complexation process. The non-polar adamantyl moiety,
CyoHys, consists of three fused cyclohexane rings in a
classical chair conformation and has an almost ideal
spherical shape with an atom-to-atom diameter of 7.2 A
B-CDis a macrocycle composed of seven glucopyranoside
units in the 4Cl conformation connected ig w-14-
glycosidic bonds. Its geometry is usually described as
bottomless cap or doughmut with a wide secondary rim
{occupied by secondary OH groups at the C2 and C3
positions) and a narrow primary rim (occupied by primary
OH groups at the C6 positions). The hydrophobic cavity is
lined with H5, H3 and glycosidic O-atoms and has an
internal diameter of approximately 6.3 A

Although there are rare instances of the binding of
some guests on the CD portal (2) or outside the CD cone
(3), we are unaware of any demonstration of such binding
modes for adamantane-based guests. Owing to the
lipophilic character of both the adamantane scaffold and
the CD cavity, in conjunction with their complementary
geometries, adamantane and B-CD primarily form
inclusion complexes in solution, with the adamantane
cage more or less buried inside the CD cavity.

These interactions have been used to construct cyclic
or linear supramolecular co-polymers consisting of B-CD
dimers and homo-ditopic adamantane-based guest dimers
(4). In addition, the formation of hydrogels from
adamantane-based hetero-ditopic units and B3-CD has
been described (3). Comb-shaped assemblies based on a
CD-modified polyacrylate backbone with reversibly
grafted adamantane-terminated polyacrylate chains have
been studied (6). The hydrophilic B-CD duplex has been
used for the non-covalent cross-linkage of adamantane-
grafted chitosan (7). The interactions between ditopic
adamantane guests and tritopic B-CD hosts (8), as well as
the aggregation of functionalised dendrons leading to
tubular vesicles, have been studied (9). The formation of
microcapsules for the pH-driven drug release based on the
interaction between CD-grafted dextran and 1-adamantyl-
grafted poly(aspartic amide) has been described (I¢).
Furthermore, the interactions between the chains of
modified dextran and poly[methyl vinyl ether-aii-(maleic
anhrydride)] (11), poly(ethylene glycol) (12), polyacrylate
(13) or hyaluronic acid (74) have been studied, and the
developed systems have then been used for the formation
of multilayer films (Z5). Because of the strong binding
between the adamantane scaffold and (3-CD, simple
adamantane derivatives (mostly AdNH, or AJCOOH,
Ad = 1-adamantyl) are used to control supramolecular
aggregation (16). Although the above-mentioned papers
primarily describe the results of basic binding behaviour
studies, it is easy to imagine future applications including
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drug delivery and controlled release, viscosity control and
sensors. Some very interesting examples of the inter-
actions between the adamantane cage and B-CD on a
macroscopic scale have recently been published (27). In
addition, some immunosorbents based on the interactions
between modified polymers have already been developed
for chromatographic applications (f8a) and solid phase
extraction material (78b).

Furthermore, the ability of the adamantane moiety to
form inclusion complexes with 3-CD is frequently used in
drug design to produce novel biologically active
adamantylated compounds with enhanced transport
properties and/or cytotoxicity (19). However, a reduction
of the desired biological activity has been clearly
documented when the introduced adamantane scaffold
lacked a sufficiently long spacer between adamantane and
the active site of the drug (20).

It should be noted that approximately one-half of the
papers mentioned above describe guest components based
on AdNH,. Other frequently used adamantane building
blocks are AdOH, AdCH,OH, Z2-(1-adamantyljethyla-
mine, AJCH,COOH and 1-(1-adamantyl)-2-bromoctha-
none. It is reasonable to suppose that the electronic and
steric properties of the linkage between adamantane and,
for example, polymer backbone or pharmacophore can
significantly affect binding to the CD cavity. For these
reasong, novel adamantane building blocks are required.
Considering the appropriate aminoe derivatives that are
widely used as adamantane building blocks, we describe in
this paper a convenient synthetic method for benzylamines
that bear an adamantane moiety, which can be used for the
synthesis of fine-ttmed components for supramolecular
assemblages or drog modification. Thermodynamic data of
the host—guest interactions of the corresponding acet-
amides with B-CD based on calorimetric and NMR
titrations, as well as the complex geometry, are discussed.

2. Results and discussion
2.1.  Chemistry

The starting materials for this study, ketones la—d, were
prepared in satisfactory vields according to a previously
described procedure (21) using acyl chlorides and the
corresponding Grignard reagents in the presence of a
catalytic amount of metal halide (Scheme 1).

Radical bromination of ketones 1 using 1.0 equiv. of N-
bromosuccinimide (NBS) in dry tetrachloromethane at
80-85°C for the required time (monitoring by TLC)
provided bromoketones 2 in approximately 70% vield.
The reaction was initiated with a catalytic amount of
benzoyl peroxide and irradiation with a tungsien lamp. In
all cases, the starting material was not consumed
completely when 1.0 equiv. of NBS was used. However,
the addition of up to 1.2 equiv. of brominating agent did

i o)
)-L Cu(l), Al(Ir) Ad X
R”Cl  THF, DEE, 0°C n [ _ZrCHs

R'MgX

1a R =Ad, R' = 3-tolyl, n=0, 76 %
=5 @\

1b R = Ad, R' = 4-tolyl, n=0, 77 %
1c R = 3-tolyl, R'=AdCH,, n=1,75 %
Scheme 1. Synthests of starting ketones.

1d R = 4-tolyl, R'= AdCH,, n=1, 82 %

not increase the vield of product 2 significantly. Higher
amounts of NBS led to the formation of undesired geminal
dibromoderivatives.

In the second step, bromoketones 2 were treated with
sodium azide (10.0 equiv.) in dry acetone according to the
conditions described by Seong (22), and the desired
azidoketones 3 were isolated in good to excellent yield.

Several types of reducing agents [e.g. triphenylpho-
sphine (23), triethylphosphite (24), propane-1,3-dithiol
(25), zinc in acetic acid (26), FeCly/Nal in MeCN (27),
complex hydrides (28), FeSOy/NH; in MeOH (29) and
Na,S in MeOH (36)] under various reaction conditions
were unsuccessfully utilised for the preparation of
benzylamines 4. Finally, compounds 4a-d were smoothly
prepared vig the reaction of the corresponding azidoke-
tones 3 with carbonyl iron powder as a reducing agent in a
methanol:hydroechloric acid solution at room temperature.
The benzylamines 4b—d were isolated either as the free
bases after adjusting the pH and extracting or as the
hydrochlorides wia treatment of the methanol solution of
the corresponding amine with dry gaseous hydrogen
chloride. Compound 4a was isolated in excellent yield
(97%) as a free base, but attempts to isolate the
corresponding  hydrochloride resulted in a colourless
liquid. Moreover, the free base of compound da was
rather unstable, in conirast to benzylamines 4b-d, and
began to solidify within a few minutes at room
temperature. This instability of amine 4a, together with
some difficulties accompanying the isothermal titration
calorimetry (ITC) experiments with amines 4 (see
discussion below), led us to transform amines 4 into the
corresponding acetamides 5. In addition, the adamanty-
lated amines 4 were intended to be linked to the final
supramolecular components @iz an amide bond, which is
better mimicked by amides 5. Amides § were prepared via
the smooth reaction of amines 4 with acetic anhydride in
pyridine at room temperature. The entire synthetic
pathway is depicted in Scheme 2.

The ability of the prepared amines 4 and amides 5 to
form supramolecular complexes with B-CD and the
properties of the complexes were further studied.
Qualitative ESI-MS analysis was used to detect the
supramolecular aggregates in solution and to study their
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NBS, (BzO),_

fad CCi., reflux

\“_/
e
55 82%
Ad= AcMe
@\ NaNg | ‘siux
(0]

Ad NH, Fe/HCF
=
i — MeOH L #
4a-d -3 3a- d %

68-97%

70-97%
Ac,0 pyridolne a-n=0, meta
20°C b - n=0, para
c - n=1, meta
o d-n=1, para
Ad H
N CHj

5a-d
74-83%

Scheme 2. Reaction pathivay leading to adarantylated amides.

fragmentation in the gas phase. The thermodynamic
parameters of the complexation reactions were determined
using NMR and ITC titrations, and the spatial arrangement
of the aggregates was studied through 2D NMR
spectrometry and theoretical calculations.

2.2, Mass specirometry

The mdividual guesis 4 and 5, as well as their equimolar
mixtures with B-CD, were studied in the gas phase with a
mass spectrometer equipped with an electrospray ionis-
ation source (ESI-MS). The psesudomeolecular iens
[M + H]* predominated in the first-order mass specira
of all of the examined guests. In the case of amine 4e and

all the examined amides Sa—d, the signals of the proton
associates were accompanied by signals at an m/z ratio
twice as high minus unity (Table 1). We assigned these
signals to H-bonded dumers associated with a single
proton. Subsequent analyses of the ligand—cyclodexirin
mixtures revealed that the protonated guest, a sodium
addact of 3-CD and the protonated 1:1 host—guest
agpregates were present in the gas phase. With amide 5a,
an additional aggregate of the amide with 3-CD» and Na™
was observed and successfully trapped. As illustrated for
the equimolar mixture of amide 5d with B-CD in Figure
1{a), some further minor signals were observed and
assigned to the products of either host or guest cleavage
during the ESI process. In accordance with the well-known
dissimilar stabilities of [3-CD + H]* and [3-CD + Na]™,
the corresponding aggregates of 5-3-CD with HY and with
Na' displayed markedly different fragmentation patterns
during treatment under cellision-induced dissociation
({CID) conditions. Although the positive ion [5-B-
CD + H]™ lost the neutral amide 5 to produce the singly
positively charged ion [B-CD + H]™, which subsequently
released four glucose units to produce signals at mAz 973,
811, 648 and 487 as demonstrated with further tandem
mass speetrometry (Figure 1(b)), the sodium adduct [5-f-
CD + Na]™ lost the neutral amide 5 to yield solely the
sodiuom adduct of B-CD at m/z 1157, and further
fragmentation products were not detected. In addition,
the supramolecular aggregates of amides 5 were also
observable in the negative-ion mode (Figure 1(c)). In this
case, the fons [3-CD — 2HP*™, [5-H]™, [3-CD — H]~
and [5-p-CD — H]™ were usually observed. The fragmen-
tation of the supramolecular aggregate [5-3-CD — H] ™ led
exclusively to the release of neuiral amide 5 to yield the
[B-CD — H]™ ion (Figure 1{d)). The MS data obtained
clearly demonstrate that all of the studied amides 5 and
amines db—d form 1:1 supramolecular aggregates with
B-CD in methanol —water solution, which were success-
fully transferred and detected in the gas phase using ESL

Table 1.  Important signals observed in the positive-ion mode ESI mass spectra.

Exact mass

Ligand analysis

Mixture analysis

Single +H Dimer + H Single 4+ Na B-CD + amnine +H
Compound Calc. Found Calec. Found Cale. Found Calc. Found
4b 270.2 2701 3394 - 292.2 - 1404.6 1404.6
4c 284.2 284.1 567.4 567.4 306.2 306.0 1418.6 1418.5
4d 284.2 284.1 567.4 - 306.2 - 1418.6 1418.6
Sa 312.2 3121 623.4 623.3 334.2 334.1 1446.6 1446.5
5h 312.2 312.2 623.4 623.5 334.2 334.2 1446.6 1446.8
5S¢ 326.2 326.3 651.4 651.5 348.2 348.2 1460.6 1460.7
5d 326.2 3263 651.4 651.5 348.2 3483 1460.5 1460.7
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Figure 1. EBSI-MS spectra of the mixtures of Sd and 3-CD in the positive-ion (a) and negative-ion (¢) mode; ESI-MS/MS spectra of ions
at sz 1460 (b) and 1458 (d). Precursor ions are rnarked with a bold downward arrow.

2.3. Binding thermodynamics

NMR spectrometry was used to determine the stoichi-
ometry of the complexes and the binding constants K. All
of the examined host—guest systems follow the fast
exchange mode on the NMR timescale. The complexation-
induced shifts (CIS) were clearly seen in the spectra of the
host—guest systems in a D,0:[Dg]DMSO mixture. As it is
shown for amide 5d in Figure 2 (left), the complexation
caused a deshielding of the adamantane hydrogen atoms at
positions 2, 3 and 4 (for atom numbering, see Figure 3) and
a shielding of hydrogen atoms at positions 5, 8 and .
Nevertheless, the NMR data were often compromised by

the very small CIS of the signals of the shielded H-atoms
and overlapping of the signals of the deshielded H-atoins.
Therefore, all of the NMR titration data are based only on
the unambiguously observed signal of the H-atom at
position 3. The stoichiometry of the studied complexes
was estimated using the Job method (31) as applied to the
NMR data. The prepared amides § form 1:1 complexes
with B-CD under the experimental conditions, as clearly
demonstrated for amide 5d in Figure 2 (zight).
Considering the 1:1 stoichiometry of the studied
complexes, the NMR titration data were fitted to the
theoretical rectangular hyperbola (Equation (1)), and the
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Figure 2. Stacking plot of a portion of the "H NMR spectra (left) and Job plot (rght) for amide 5d and p-CD mixture. Significant
parameters [xep (molar fraction of CDY, Opyyge (volume fraction of DMS0) and temperature] are given above each line. Signals of the
host and guest nuclet are labelled as H for B-CD and G for guest. The assignment of signals corresponds with the atorn numbering in

Fipure 3.

values of CIS_,; and K were obtained using a standard
least squares regression process (for further details, see
Section 4).

CISpax - K - CR-CD
14+ K- Cp-CD '

IS = (1)

The caleulated K values are listed in Table 2. It should
be noted that satisfactory fits to a theoretical model were
not accomplished for amines 4. We attributed this failure

to the formation of higher order aggregates within the wide
range of initial concentrations in the studied solutions. The
only successful NMR titration was done with amine 4d.
The comparison of the binding constant value for amine
4d and the corresponding amide Sd imiplies a marginal role
of the free amino group in complex stabilisation wia
hydrogen bonding. Further thermodynamic parameters
were obtained from ITC experiments. Standard treatment
of the ITC data for amides Sa— e (using a one-binding-site
model with three parameters, n, K and AH) did not lead to

7
H3+6 H5 H2+4 G8 I GQM G3 |G13 G4 G2
18 -
G4 i He o e -
G2 Ly )
G12 bis
G3 : JE
(= : o o
G7+8 =] i Rk n
; T ¥ T o A S S P N E" s
B o e
0
HO. Lis 5 H
B
/o
o0=5
2
NP
e
X A
Figure 3. A portion of the ROESY spectrum of a 1:1 mixture of guest Sh with B-CD (left frame) and a portion of the gs- HMQC-ROESY

spectrum of a 1:1 mixture of guest Sd with B-CD (right frame). Signals of the host and guest nuclei are labelled as H for B-CD and G for

guest.
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Table 2. Thermodynamic parameters of complexations.

ITC

NMR
Compound EM Y EM b —AH (dmal ) —AS(Jmol 'K} P
5a 538 + 70 128 + 4 26.3 + 0.6 46 1
5b TET + 75 258 + 9 28.1 + 0.7 46 1®
S¢ 1206 + 107 219 + 5 310 + 04 59 1°
ad 1721 + 34 320 + 3 352 + 02 67 12
5d 329 + 20 353 + 4 68 100 + (.00
5d° 439 + 30 (28)° (34)°
ad 1142 + 128
Note: T=303K.

*The stoichiometry was predicted to be 1:1 using the ITC data treatment parameter n — 1.

T — 333K
% 8ee Sectiom 4.

satisfactory results. Onmly iteration of the data for
compound 5d cenverged to reascnable valuss. However,
we have previcusly shown predominantly 1:1 stoichi-
ometry using NMR data under essentially the same
conditions as those used for the calorimetric titrations.
Therefore, we decided to fix the iteration parameter at
n = 1. Thus, we obtained the thermodynamic parameters
given in Table 2. Comparisen of the thermodynamic
parameters obtained for amide 5d with and without a fixed
n (Table 2) suggests that the presumption of 1:1 aggregates
was justified. The slightly higher entropy loss in the case of
amides Sc and 5d can be attributed to the more constrained
guest conformation inside the CD cavity. These data allow
us to conclude that all of the examined guests bind in an
enthalpy-driven mamner. The elongation of the spacer
between the adamantane moiety and the benzene ring
leads to the formation of more stable aggregates. Purther
fine ming of the binding strength can be accomplished by
choosing appropriate substitution on the benzene ring. The
para-substituted amides form more stable complexes;
meta-substituted amides form less stable complexes.

The commen simple adamantane derivatives, inde-
pendently on their charge, displayed association constants
with B-CD around 10* Typically, for AACOO™ and
AdNHY, K was estimated to be of 1.6 X 10% and
83X 10° M respectively (32). For compeunds with
the adamantane cage linked to some bulkier moiety or
polymer backbene, weaker binding was reported. For
example, N-(1-adamantyl)pyridinium bromide binds the
B-CD with K=1.9 X 10°M ™" (4a). Nevertheless, these
values were obtained in pure or buffered water. Owing to
low solubility of our ligands in water, we carried out all
titrations in H,(:DMSO (1:3, v:v) mixture in which the
contribution of hydrophobic effect is significantly
weakened. We camried out calorimetric titration of
AdNH,-HC1 in phosphate buffer (pH 7.00) and in
H,(:DMSO mixture to be zble to estimate the solvent
influence on the K value. The respective asscciation
constants are 1.5 X 107 and 2 X 10°M 1. As can be seen,

the binding is of two orders stronger in water. We believe
that this trend is applicable alsc for our new ligands to
sound therr binding strength towards B-CD in water
similar to other conventional adamantane derivatives.

When carrying out the NMR titration of armde 5d with
B-CD, we observed a large separaticn between the signals
cf the initially enantictopic hydrogen atcms at position 5
{(for C-atom numbering, see Figure 3) with an increased
proporticn of 3-CD as the spin system was changed from A,
to AB (Figure 2(z)—(c}). We attempted to understand the
nature of this phenomenon by carrying out additional
measurements. Increasing the temperature led to coalesc-
ence at approximately 60°C (Figure 2(d).(e)). However,
when we increased the propertion of (3-CD, while
concomitantly holding the mixture at 60°C, the signal
split again (Figure 2(f)). Finally, lines g—j in Figure 2
demenstrate the increased signal separation observed with
inereasing propertions cf water in the mixed sclvent. All of
these observations suggest that the signal splitting could be
attributed to the amount of complexed amide in the mixture.
We postulate that amide 5d (similar but significantly
smaller signal splitting was also cbserved with amide 5c)
predominantly adepts a particular conformation within the
B-CD cavity, which belongs to the C; symmetry point group
and 1s fixed via interactions with B-CD. In such a situation,
the hydrogen atoms at carbon 5 become nen-equivalent due
to the adjacent strongly anisotropic carbonyl group (see the
calculated model in Figure 4). These observations clearly
indicate that particular guest conformaticns may be locked
inside a suitable cavity vie weak van der Waals interactions
and/or a steric hindrance.

2.4, Complex geometry

Onwing to geometrical properties of the B-CD cavity (i.e.
wider secondary rim, narrower primary rim and central
constriction caused by H3 and HS H-atoms), there are four
principal amangements of an inclusien complex of
adamantane guest with 3-CD. The adamantane cage can
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T \

Fipure 4. A calculated model of the 5d-B-CD inclusion
comnplex. H-atoms are omitted for clarity with the exception of
AdCH,, which were commented in the text.

occupy secondary (S) or primary (P)rim and in both cases,
the residue of the guest molecule can either thread the
cavity in a pseudorotaxane manner (I — interior) or
protrude to the outer environment (E — exterior) (33, 34).
As the adamantane cage better fits the wider secondary
rim, the positioning of adamantane-based guest molecule
in the primary rim has been rarely reported. Although the
host—guest complex of l-adamantylammonium and
modified B-CD with the PE geometry was observed only
when the secondary rim was blocked by the positively
charged aminogroup (33), the PI arrangement has not been
reported to the best of owr knowledge. The adamantane-
based guests with long non-polar substituent adopt
predominantly the SI geometry (34, 35¢). However,
when the ST arrangement was obstructed by either host
{e.g. the cyclodextring are frequently linked to the polymer
backbone zig C6 carbon) or guest (e.g. two adamantane
cages linked with a short spacer) form, the preferable
geometry was repotrted to be of SE (4a.b, 35).

Although the distinguishing of S and P binding mode is
reasonable from a geometrical point of view, it should be
noted that the adamantane cage is usually deeply buriedinto
the CD cavity with the centre of gravity of 10 adamantane
carbons being close to the best plane of seven etheric
oxygen atoms of 3-CD. In addition, the analyses of NOE
data including only adamantane H-atoms can be rather
confused by means of significant sterically driven deviation
of the three-folded axes of adamantane substituent froin the
seven-folded axes of eyclodextrin ring.

The 2D NMR ROESY specira indicate that all of the
examined amides § interact with the B-CD unit
predominantly by inclusion within the internal cavity.
We clearly observed interactions between the inner H-
atoms at carbons 3 and 5 with adamantane H-atoms 2, 3
and 4. The additional cross-peaks that relate to interactions
between the aromatic guest H-atoms and the H-atoins at
position 5 in CD indicate that the aromatic part of the guest
molecule protrudes from the primary rim of cyclodexirin.
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A partial ROESY spectrum of an equimolar mixture of
amide Sb with 3-CD and a schematic drawing of the
suggested complex peometry including the observed
interactions is depicted in Figure 3 {eft). Furthermore,
we attempted to support this arrangement by applying a
2D 'H-"*C gs-HMQC-ROESY experiment. As Figure 3
{(right) shows for amide 5d, the interactions between CD
carbon 3 and the amide H-atoms 2, 3 and 4, between CD
carbon 5 and the amide H-atoms 2 and 8 and between CD
carbon 6 and the amide H-atoms 2, 8 and 9 were clearly
observed. These data led us to suggest a very similar
arrangement for the 5d-3-CD complex (Figure 3, right) as
that discussed above for amide Sb.

Finally, the geometry of the inclusion complexes was
calculated in a manner described previously (34). The
particular amide was positioned stepwise along the seven-fold
axds of B-CD to simulate threading the guest molecule through
the CD cavity. The peometries were initially optimised using a
semi-empirical PM3 method, and single point energies were
subsequently caleulated at DFT level of theory. The
arrangement with the maximum difference between the
energy of the complex and sum of the energies ofthe guest and
host calculated separately was considered to be the closest to
the predominant actual complex geometry. A typical result
obtained for amide 5d is depicted in Figure 4. The calculated
geometry agrees well with the experimental data.

3. Conclusion

In conclusion, we described a convenient synthetic method
leading to versatile adamantane-bearing building blocks,
which could be subsequently used to prepare components
for supramolecular systems. In addition to full character-
isation of all of the novel compounds by spectral methods,
we studied the binding behaviour of four guests towards -
CD using mass spectrometry, NMR and calorimetric
titrations. The association constants were found to be of
the order of 10°-10°M ™", and a relationship between the
guest structure and the binding strength was clearly
observed. Binding of the guest into the B-CD cavity was
improved with a longer non-polar spacer separating the
adamantane scaffold from the rest of the molecule and/or a
‘linear’ arrangement (i.e. para substitution of the central
benzene ring) of the guest molecule.

4. Experimental section
4.1. General

All selvents, reagents and starting compounds (except
those mentioned below) were of analytical grade,
purchased from commercial sources and used without
further purification. Adamantane-1-carbonyl chloride and
3-methylbenzoyl chloride were prepared according to a
previously published procedure (21). Meliing points were
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measuwred on a Kefler block and are uncorrected.
Flemental analyses (C, H and N) were determined with a
Thermo Fisher Scientific Flash EA 1112. Retention times
were determined using TLC plates (Alugram Sil G'UV
from Macherey-Nagel} and petroleum ether/ethyl acetate
was used as the mobile phase. Four systems of mobile
phases were used (v/v): system a (1/1); system b (4/1);
system ¢ (8/1) and system d (16/1). NMR spectra were
recorded at 25°C on a Bruker Avance 500 spectrometer
operating at frequencies cof 500.13MHz ('H) and
125.77 MHz (*C) and a Bruker Avance 300 spectrometer
operating at frequencies cof 300.13MHz ('H) and
7577 MHz (“*C). *H and P*C NMR chermical shifts were
referenced to the signal of the solvent ['H: S(residual
CHClz) = 7.27 ppm, biresidual [Ds]DMSO) = 2.50ppm;
B 8(CDCL) = 77.23ppm,  8([Ds]DMSQO) = 39.52
ppm]. The mixing time for the NOESY experiment was
adjusted tc 700ms and the spin-lock for ROESY was
adjusted to 400ms. The 2D 'H-3C gs-HMQC-ROESY
spectrum (36} was measured at resonance frequencies of
A00.15 MHz ('H) and 150.67 MHz (**C3). The HMQC step
was adjusted for LJH c=145Hz with a subsequent
ROESY spin-lock of 400 ms. The spectrum was recorded
in phase-sensitive mode using the echeo—antieche protocol
(37). NMR titration experiments were camied out as
follows. The solution of guest was titrated with stock
solution of B-CD. Complexation-induced shifts (CIS}
were caleulated as CIS = |8apservea — Bhee guestl. Accord-
ing to Benesi—Hildebrand approach, CIS wvalues were
plotted against total concentration of $-CD (cp cp) and
data were fitted to a theoretical rectangular hyperbole
(Equation (1)) via the routine least square regression
process using MicroCal Orgin software. The CIS,,,
describes coordinate of herizeontal asymptote with the
meaning of chemical shift of particular 'H in the
complexed guest molecule (CISyay = |8 amplexed guest —
8 |yand K (an association constant) is the slope for the
CIS = 0. For further details, see (37) and references
therein. The values of AH and AS were caleulated from
NMR data using the van't Hoff equation with —AH/R as
the slope and AS/R as the intercept of the straight line
obtained from linear regressicn of the plot of In K versus
1/T. The IR spectra were recorded with a Mattson 3000 FT-
IR using a KBr disc. GC-MS analyses were run on a
Shimadzu QP-2010 instrument using a Supelco SLB-5ms
(30m, 0.25mm) column with He as the cammer gas in
constant linear flow mode (38cms ™), 160°C for 7 min,
25°Cmin ! to 250°C, then held for the required time. Cnly
the peaks with relative abundances exceeding 5% are
listed. The electrospray mass spectra were recorded with
an Esquire LC icn-trap mass spectremeter (Bruker
Daltonics, Bremen, Germany} equipped with an ESI
source. Sample sclutions were prepared immediately
before each experiment by mixing (3-CD and the
individual amine:amide (8.8 uM in methanol:water, 1:1,

v/v). Clear mixtures were introduced into the ion source at
a flow rate of 3 pl/min vig a metal capillary held at high
voltage (*3.5KV). The other instumental conditions
were as follows: the drying gas temperature was 250°C, the
drying gas flow was 5 I'min, and the nebuliser pressure was
41.37 kPa. Nitrogen was used for nebulisation and drying.
The nozzle-skimmer potential and octopole potential were
modified and optimised before each experiment. The
tandem mass spectra were collected using CID with He as
the collision gas after isolation of the required ions. The
ITC measurements were carried out in a DMSO:H,0 (3:1,
v/v) sclvent mixture using a VP-ITC MicroCal instrument
at 30°C. The concentrations of the host in the cell and the
guest in the microsyringe were approximately 0.9-1.5 and
9—17 mM, respectively. The raw experimentzl data were
analysed with MicroCal ORIGIN software. The heats of
dilution were taken into account for each guest compound.
The data were fitted to a theoretical titration curve using
the ‘one set of binding sites’ model.

4.2.  General procedure for ketones 1 preparation

Ketenes la—d were prepared from the coresponding
Grignard reagent and acyl chloride in the presence of a
catalyst (21). In all cases, the desired product and a Grignard
dimer as a co-product were cbserved. The dimers were
separated from the mixture by column chromatography
(system b). The spectral data for ketenes 1b (yield 77%) and
1a (yield 76%) correspond with the literature (21, 38).

421 2+ I-Adamantyl}-1-(4-methylphenylethanone (Id)
Compound 1d was isolated as colourless crystals in the
vield of 82%. M.p. 62-64°C, Ry 0.37 (system d}, anal.
caled for CigHa4O: C, 85.03; H, 9.01%; found C, 84.87%;
H, 8.95%. "H NMR (CDCls): d 1.66 (m, 12H, CH,(Ad)),
1.95 (m, 3H, CH(Ad)), 2.41 (s, 3H, PhCHs;), 2.69 (s, 2H,
CH,C(),7.24(d,J = 7.9Hz, 2H, Ph}, 7.85 (d,J = 8.0 Hz,
2H, Ph) ppm. C NMR (CDCls): d 21.7(CHs), 28.%(CH),
37.0(CH,), 43.2(CHy), 51.3(C), 128.7(CH), 129.3(CH),
136.7(C), 143.6(C), 200.0(CO) ppm. IR (KBr): 3066(w),
3027(w), 2899(s), 2846(s), 1659(s), 1604(s), 1571(w),
1449(m), 1323(m), 1308(m), 1268(s), 1183(m), 1152(w),
1119(m), 1017(w), 975(w), B42(w), 813(m), 761(m},
582(w) em L. GC-MS (EL 75eV); m/z (%): 41(11), 55(6),
65(14), 67(6), 779, 79(13), 01(47), 92(8}, 93(9), 105(7),
119(100), 120(9), 135(11), 253(46), 254(9), 268(M™, 8).

422 2-(1-Adamantyl)-1+{3-methylphenyl)ethanone (Ic)
Compound le was isclated as colourless liquid in the yield
of 75%. Ry 0.17 (system a), anal. caled for CoHaqO: C,
85.03%; H, 9.01%; found C, 85.22%; H, 8.92%. "H NMR
{CDCL): 8 1.66 (m, 12H, CH,(Ad), 1.95 (m, 3H,
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CH(AA)), 2.42 (s, 3H, PACH), 2.71 (s, 2H, COCHL), 7.30
7.35 (m, 2H, Ph), 7.73—7.76 (m, 2H, Ph) ppm. *C NMR
(CDCly): & 21.6(CHs), 28.9(CH), 34.1(C), 37.0(CH,),
432(CH,), 51.4(COCH,), 125.9(CH), 128.4(CH),
129.0(CH), 133.6(CH), 138.4(C), 139.2(C), 200.6(CQO)
ppm. IR (KBry 2902(s), 2847(s), 2674(w), 2657(w),
1671(s), 1602(w), 1584(w), 1450(m), 1343(w), 1317(w),
1267(s), 1237(w), 1190(w), 1151(w), 1098(w), 1041(w),
804(w), 777(w), 754(m), 693(m) and 607(w) cm L. GC-
MS (EL 75V, m/z (%): 41(8), 55(5), 65(11), 67(5), 77(7),
79(11), 91(43), 92(8), 93(9), 119(100), 120(9), 134(5),
135(17), 250(5), 253(15), 268(M T, 24) and 269(5).

4.3.  General procedure for the synthesis of
benzylbromides 2a—d

The comresponding ketone 1 (47.1 mmol) was dissolved in
100ml of dry tetrachleromethane, and NBS (8.54 g,
48.0 mmol) was added in one portion to this solution. The
reaction was imtiated by the addition of a catalytic amount
of benzoyl percxide and irradiation with a tungsten
lamp. The mixture was stirred and refluxed for 8 h, and the
reaction progress was monitored by TLC during this time.
After this period, the succinimide was filtered off, and the
filtrate was evaporated under vacuum. The desired product
was cobtained after purification of the crude product by
columm chrematography (system c).

4.3.1.  I-Adamantyl-{3-[bromomethylpheryl]
methanone (2a)

Compound 2a was isolated as colourless liquid in the yield
of 80%. The oily material slowly crystallised at — 15°C.
M.p. 48-50°C, Ry 042 (system c¢), anzl. caled for
Ci3Hy BrO: C, 64.87%; H, 6.35%; found C, 64.78%; H,
6.21%. "H NMR. (CDCls): 6 1.76 (m, 6H, CHy(Ad)), 2.01
{m, 6, CHa(Ad)), 2.09 (m, 30, CH{Ad)), 4.50 (s, 2H,
CH,Br), 7.34—7.50 (m, 3H, Ph), 7.54 (s, 1H, Ph) ppm. 1*C
NMR (CDCls): & 28.3(CH), 33.0(CH), 36.7(CHy),
39.3(CH,), 47.2(C), 127.1(CH), 127.9(CH), 128.6(CH),
130.8(CH), 137.9(C), 140.4(C), 209.8(CO) ppm. IR
(KBry: 2905(s), 2850(s), 2678(w), 2657(w), 1664(s),
1598(w), 1452(m), 134d{w), 1276(m), 1214(m),
1194(w), 1175(m), 1104(w), L004(m), 802(w), T63(w),
733(w), 695(m), 625(w), S68(w) em L. GC-MS (EL
T5eVY; mi7 (%) 41(8), 55(R), 67(R), 77(7), 79(22), B1(6),
89(7), 90(10), 91(10), 93(18), 107(10), 118(5), 135(100),
136(11) and 332(M™, <1).

432, I-Adamantyl-f4-(bromomethyl}phenyl]
methanone (2b)

Compound 2b was isolated as colowrdess crystals in the
vield of 72%. Mp. 60-62°C, R; 0.49 (system ¢}, anal.

62

caled for C3H,BrQ: C, 64.87%; H, 6.35%; found C,
64.59%: H, 6.23%. '"H NMR (CDCl;): 8 1.76 (m, 6H,
CH,(AdY), 2.02 (m, 6H, CH,(A)), 2.09 (m, 3H, CH{A)),
4.50 (s, ZH, CHLBr}, 7.42 (d, J = 7.9Hz, 2H, Ph), 7.54 (d,
J =7.9Hz, 2H, Ph) ppm. "*C NMR (CDCls): 6 28.3(CH),
32.7(CH,), 36.7(CH,), 39.3(CH,), 47.2(C), 127.8(CH),
128.8(CH), 139.7(C), 139.9(C), 209.6(COH ppm. IR
(KBr): 2924(s), 2905(s), 2852(s), 2658(w), 1669(s),
1605(w), 1453(w), 1403(w), 1274(m), 1243(m),
1226(m), 1176(w), 1108(m), 988(m), 951(w), 930(w),
846(w), T8B(w), 683(w), 619(m), 595(w) and 557(w)
em ' GC-MS (EL, 75eV); m/z (%): 43(6), 67(3), 77(5),
79(13), R9(R), 93(13), 107(R), 118(15), 135(100), 136(11)
and 332(M*+, < 1).

433 2-{1-Adamantyl}-1-[3-{bromomethyl)phenyil]
ethanone (2c)

Compound 2e was isolated as colourless liquid in the yield
of 82%. Ry 0.45 (system ¢}, anal. caled for CioH,:BrO: C,
65.71%; H, 6.68%; found C, 65.58%; H, 6.65%. "HNMR
(CDCls): 8 1.65 (m, 12H, CHAd), 1.04 (m, 3H,
CH(A), 2.71 (s, 2H, CH,CO), 4.52 (s, 2H, CH,Br), 7.42
{t, J = 7.6 Hz, 1H, Ph), 7.56 (d, J = 7.6 Hz, 1H, Ph), 7.86
{t, = 7.6Hz, 1H, Ph), 7.95 (s, 1H, Ph) ppm. "*C NMR
(CDCls): & 28.8(CH), 32.8(CH.), 34.1(C), 36.9(CH,),
43.1(CH,), 51.4(CH,), 128.5(CH), 128.9(CH), 129.1(CH),
133.3(CH), 138.4(C), 139.4(C), 199.6(C0O) ppm. IR
(KBr): 2901(s), 2846(s), 1673(s), 1600(w), 1449(m),
1312(w), 1168(w), 12160w), 1143(w), 1094(w), 807(w),
762(w) and 692(s) em ™l GC-MS (EL 75&V); mi (%):
4112}, 55(7), 65(5), 67(9), T7(1L), 79(21}, 81(6), 89(14),
90(31), 91(26), 92(9), 93(16), 105(7), 107(8), 118(21),
119263, 133(8), 135(40). 136(5), 196(19), 198(20),
253(11), 267(100), 268(213, 346(M*, 3) and
348(M™ + 2, 3).

434, 2-(1-Adamantyl})-1-[4-{bromomethyl)phenyif
ethanone (2d}

Compound 2d was isolated as colourless crystals in the
vield of 55%. M.p. 85-88°C, Ry 0.22 (system d), anal.
caled for C gH.3BrO: C, 65.71%; H, 6.68%; found C,
65.48%; H, 6.52%. "H NMR (CDCL,): & 1.66 (m, 12H,
CH,(Ad)), 1.96 (m, 3H, CH(AD), 2.71 (s, 2H, CH,CO),
4.51 (s, 2H, CHLBD), 7.48 (d, J = 8.6 Hz, 2H, Ph), 7.93 (d,
J = 8.6Hz, 2H, Ph) ppm. “>C NMR (CDCl3): 6 28.9%(CH),
32.4(CH,), 34.2(C), 37.0(CH,), 43.2(CH,), 51.5(CH,),
129.1(CH), 129.3(CH), 138.9(C), 142.5(C), 199.7(CO)
ppm. IR (KBr): 2900(s), 2846(m), 2672(w), 2657(w),
1670(s), 1604(w), 1571(w), 1446(w), 1411(w}, 1346(w),
1322(w), 1286(w), 1262(m), 1204(w}, 1179(w), 1152(w),
1094(w), 1015(w), 977(w), S6L(w), Sl6(w), 782(w),
709(w), 667(w) and 601(m) cm L. GC-MS (EI, 75eV);
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mi (%) 40(5), 41(41), 43(6), 51(6), 53(15), 55(24),
63(11), 64(5), 65(24), 66(5), 67(26), 6I(E), 77(35), 78(12),
79(59), 80(8), S1(17), 89(33), 90(78), 91(92), 92(24),
93(41), 104(16), 105(20), 107(16), 118(70), 119(100),
120(9), 133(22), 134(21), 135(45), 136(5), 169(6),
197(20), 199(19), 253(43), 254(9), 267(89) and 268(21).

4.4, General procedure for the synthesis of azides 3a—d

The appropriate bromide (2.72mmol} was dissolved in
10ml of dry acetone, and sodium azide (1.77 g, 27.2 mmol}
was added to this solution in one portion. The reaction
mixture was refluxed under an Ar atmosphere until TLC
indicated the complete disappearance of the starting material
{6—8h). Subsequently, the mixture was diluted with water
and extracted six times with diethyl ether. The combined
organic layers were dried over sodium sulphate. Evaporation
of the salvent under vacuum followed by purification via
column chromatography (system ¢} provided the desired
product.

441, I-Adamaniyl-{3-(azidomethylphenylImethanone
{3a)

Compound 3a was isclated as colourless liquid in the yield
of 73%. Ry 0.24 (system d), anal. caled for CigHy N3O: C,
73.19%; H, 7.17%; N, 14.23%; found C, 73.08%; H,
7.32%; N, 14.17%. '"H NMR (CDCl;}: 8 1.76 (m, 6H,
CHy(AY), 2.01 (m, 6H, CHo(AdY), 2.09 (m, 3H, CH({Ad)),
4.39 (s, ZH, CH,N), 7.41-7.51 (m, 4H, Ph) ppm. '*C
NMR (CDCly): 8 28.3(CH), 36.7(CH,), 39.3(CH,),
47.2(C), 54.7(CH,), 126.9(CH), 127.0(CH), 128.7(CH),
129.8(CH), 135.7(C), 140.6(C) and 205.2(CO) ppm. IR
(KBr): 2005(s), 2851(s), 2678(w), 2659(w), 2098(s),
1672(s), 1601(w), 1584(w), 1452(m), 1344(m), 1273(m),
1245(m), 1194(w), 1172(m), 1104(w}, 999(m), 972(w),
935(w), 887(w), 803(w), 782(w), 732(w), 71l(w)} and
650(w) e L

442, I-Adamantyl-f4-{azidomethyDphenylImethanone
{3b)

Compound 3b was isolated as colowrless crystals in the
yield of 70%. Mp. 35-36°C, Ry 0.45 (system c), anal.
caled for CiHy N3 O: C, 73.19%; H, 7.17%; N, 14.23%;
found C, 73.36%; H, 726%; N, 13.95%. 'H NMR
(CDCls): & 176 (m, 6H, CHy(Ad), 2.02 (m, 6L,
CHa(AdY, 2.09 (m, 3H, CH(Ad)), 4.39 (s, 2H, CH,N3),
7.35 (d, F = 7.9 Hz, 1H, Ph), 7.58 (d, J = 7.9Hz, 1H, Ph)
ppm. PC NMR: 8 28.4(CH), 36.8(CH,), 39.3(CH,),
47.2(C), S4.6(CHy), 128.8(CH), 128.0(CH), 137.8(C),
139.7(C) and 204.8(CO) ppm. IR (KBr): 2010(s), 2851(s),
2008(s), 1657(s), L6OS(w), 1452(w), 1428(w), 1408(w),
1344(w), 1295(w), 1270(w), 1233(w), 1173(w), 1103(w),

987 (W), 950(w), 9270w, 834(w), 799(w), 738(wand 685(w)
em” ' GCMS (EL 75€V); mz (%): 55(8), 67(10), 77(14),
790213, 81(6), 91(, 93(20), 107(10), 118(7), 1350100},
136(10), 239(10), 267(M TN, 2) and 205(M ™, 1).

443 2-{1-Adamantyl}-1-f3-{agidomethyl)phenyi]
ethanone (3c)

Compound 3¢ was isclated as colowrless crystals in the
vield of 97%. The analytical sample was further crystal-
lised from hexane. M.p. 60-62°C, R 0.22 (system d), anal.
caled for CoHysN3O: C, 73.76%; H, 7.49%; N, 13.58%;
found C, 73.65%; H, 7.23%; N, 13.78%. 'H NMR
{CDCly): & 1.66 (m, 12H, CH,A), 1.94 (m, 3H,
CH(AQ)), 2.72 (s, 2H, CH,CO), 4.42 (s, 2H, CHLN3), 7.44 —
7.52 (m, 2H, Ph} and 7.89—7.92 im, 2H, Ph) ppm. "CNMR
(CDCly): & 28.9(CH), 34.1(C), 37.0(CH,), 43.1(CHy),
51.5(CH,), 54.6(CH,), 128.0(CH), 128.5(CH), 129.2(CH),
132.4(CH}, 136.1(C), 139.6(C) and 199.9(CC} ppm. IR
(KBr): 2905(s), 2847(s), 2099(s), 1673(s), 1602(w},
1449(m), 1344(w), 1311(w), 1266(m}, 1189w}, 1148(w),
1095(w), 979(w), 925(w), SOB(w), T57(w), 723(w),
695(m), 695(w), B49(w) and 610(w) cm ™.

444 2-(1-Adamantyl}-1-f4-{azidomethyl)phenyi]
ethanone (3d}

Compound 3d was isolated as colourless solid in the yield
of 77%. M.p. 25-27°C, Ry 0.33 (system b}, anal. caled for
CoHy3 N5 C, 73.76%; H, 7.49%; N, 13.58%; found C,
73.82%; H, 7.12%; N, 13.55%. 'H NMR (CDCl,): & 1.66
(m, 12H, CH,(Ad}), 1.95 (m, 3H, CH(Ad)), 2.72 (s, 2H,
CH,CO), 442 (s, 2H, CH,N), 7.40 (d, J = 8.3Hz, 2H,
Ph), 7.96 (d, ] = 8.3 Hz, 2H, Ph) ppm. “C NMR (CDCl3):
8 28.9(CH), 34.2(C), 36.2(CH,), 43.2(CH,), 51.5(CH,),
54.5(CHa), 128.2(CH), 127.1(CH), 138.9(C), 140.4(C),
199.8(CO} ppm. IR (KBr): 2903(s), 2847(s), 2009(s),
1671(s), 1608(m), 1573(w), 1504(w), 1450(w), 1412(w),
1345(w), 1287(w), 1262(m), 1209(w), 1178(w), 1149(w),
1014(w), 978(w), 915(w), 851(w), 813(w) and 764(w)
em ™', GC-MS (EL, 75eV); m/z (%): 41(16), S1(7), 53(3),
55(9), @7(12), 7a(6), 77(39), 78(6), 79026}, 81(8), 91(21),
92(9), 93(20), 103(6), 104(28), 105(13), 107(9), 132(100),
133(11), 135(32), 252(6), 253(23), 264(9), 280(6),
281(M"—Ny, 75) and 282{16).

4.5.  General procedure for the synthesis of benzylamines
4a—d

The correspending azide (1.88 mmol} was dissolved in 20 ml
of methanelic HCl {1-2M), and iren powder (203mg,
3.64 mmol} was added to this solution in ene pertion. The
reaction mixture was stirred at room temperature, and
anotherpertion of carbonyl iron (3.64 mmol) was added until

63
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the starting material had completely disappeared (according
to TLC). The solvent was thenremoved under vacuum, 30 ml
of 7% NaGH (water solution) was added, and the water layer
was extracted with diethyl ether (5 X 10ml}). The collected
organic portions were washed with brine (3 X 10ml), dried
over sodium sulphate and evaporated under vacuum. The
purified product (column chromatography, system d) was
generally isolated as a colourless liquid, which was
subsequently convertad to the hydrochlonde.

451 I-Adamantyl-[3-(aminomethyl)phenylimethanone
{4a)

Compound 4a was isolated as colourless liquid in the yield
of 97%. Rs 0.25 (system a). GC-MS (EL 75eV); m/z (%)
41(5y, 67(8), 77(11y, 79(19), 91(5), 93(18), 106(10),
107(12), 134(14), 135(100), 136(11), 241(22), 252(7) and
269(M™T, 2).

4.5.2.  I-Adamantyl-[4-{aminomethyl)phenylmethanone
hydrochioride (4b)

Compound 4b was isclated as colourless crystalline powder
in the yield of 68%. M.p. 200-204°C, Rr (free base) 0.79
{(MeOH:CHCl,, 3:1, viv), anal. caled for CygHpgCING: C,
70.69%; H, 7.91%; N, £ 58%; found C, 70.48%; H, 7.85%;
N, 4.32%. "H NMR ([D]DMSC, 2.50 ppmy}: 8 1.69 (m, 6H,
CHy(A)), 1.90 (m, 6H, CHy(Ad), 2.01 (m, 3H, CH(A)),
4.05 (s, 2H, CHLNH,), 7.57 (m, 4H, Ph) and 8.52 (s, 3H,
NH,) ppm. 1C NMR ([Dz]DMSC, 39.5 ppm): & 27.2(CH),
35.7(CH,), 38.1(CH,), 41.5(CH,), 45.8(C), 126.8(CH),
128 4(CH), 135.8(C), 138.7(C) and 208.5(CO) ppm. IR
(KBr): 3034(w), 2906(s), 2849(w), 1733(w), 1690(s),
1613(w), 1595(w), 1493(m), 1452(m), 1382(w), 1343(w),
1273(w), 1240(m), 1178w), 1103(w), 1070(w), 989(m),
931(w), 849(m) and 636(m) em ™' GC-MS (free base) (E,
75 €V msz (%) 79(18), 81(5), 89(7), 91(5), 93(16), 105(5),
106(6), 107(10), 134(21), 135(100), 136(11), 252(10) and
269(M ™, 2).

4.53. 2-{1-Adamantyl)-1-[3-{aminomethyl )phenyl]
ethanone hydrochioride {(4c)

Compound 4c was isclated as a pale yellow crystalline
powderin the yield of 91%. M.p. 163 -167°C, R (free base)
0.27 (system a), anal. caled for C g, CING: C, 71.34%; H,
8.19%; N, 4.38%; found C, 71.12%; H, 8.08%; N, 4.53%.
"H NMR (CDCLs): 6 1.60 (m, 12H, CH,(Ad)), 1.88 (s, 3H,
CH(Ad)), 2.64 (s, 2H, CHLCO), 4.18 (s, 2H, CHLNH,), 7.36
(t, F=7.6Hz, 1H, Ph), 7.71 (d, J = 7.6 Hz, 1H, Ph), 7.79
(d, J = 7.6z, 1L, Ph) and 8.09 (m, 111, Ph), 8.63 (bs, 311,
NHg) ppm. °C NMR (CDCly): 6 28.9(CH), 34.2(C),
36.9(CH,), 43.5(CHs), 51.5(CHy), 129.2(CH), 129.3(CH),
133.6(CH), 134.0(CH), 139.3(C) and 200.7(CO) ppm. IR
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(KBr): 3340(w), 2901(s), 2847(m), 167L(s) 1600(w),
1451(m), 1317(m}, 1267(m}, 1190(w), 1148(w), 807(w),
757(w), 695(m) and 469(m) cm ' GC-MS (free base) (EL
75 eV mz (%) 41(6), S5(5), 67(6), TH21), 79(19), 91(10),
93(11), 104(8), 105(11), 106(22), 107(7), 118(19), 119(5),
134(100), 135(27), 253(14), 266(67) and 267(14).

4.54. 2-(1-Adamantyl)-1-f4-(aminomethyl )phenyi]
ethanone hydrochioride (4d)

Compound 4d was isolated as a celourless crystalline
powder in the yield of 85%. Mp. 220-222°C, Ry (free base)
0.24 (MeOH:CHCls, 3:1, viv), anal. caled for CigHasCING:
C, 71.34%; H, 8.19%; N, 4.38%; found C, 71.48%; H,
8.13%; N, 4.72%. 'H NMR ([Ds]DMSQ, 2.50 ppm): 6 1.58
(m, 12H, CHy(AY), 1.88 {m, 3H, CH(A)), 274 (s, 2H,
CH,Cn, 4.08 (s, 2H, CHLNH3),7.65 (s, 2H, Ph), 7.98 (s, 2H,
Ph) and 8.66 (bs, 3H, NH;} ppm. “*C NMR ([D;]DMS0,
39.5ppm): & 28.0(CH), 33.4(C), 36.2(CH,), 41.6(CH,),
42.2(CH,), 50.4(CH,), 128.3(CH), 129.0(CH), 138.2(C),
138.9(C), 199.3(CO) ppm. IR (KBr): 2901(s), 2847(s),
2674(w), 2611(w), 1670(s), 1611(m), 1450(m), 1417(w),
1264(m), 1218(w), 1179(w), 1121(w), 1100(w), 1009(w),
983(w), 915(w), 825(w), 668(w) and 587(w) cm ™~ L. GC-MS
(free base) (EL, 75 V); n/z (%) 41(8), 55(7), 67(7), TH(15),
79(19), 89(20), 91(15), 92(5), 93(12), 104(7), 105(24),
106(15), 107(6), 134(100), 135(24), 253(62), 254(12),
266(42) and 267(10).

4.6. General procedure for the synthesis of acetamides 5

The corresponding benzylamine 4 (0.9 mmol) was
dissclved in 45ml of pyridine, and 0.15ml of acetic
anhydride was added to this solution. The mixture was
stired for 12 h at room temperatiure and then poured onto
crushed ice. The water layer was extracted with diethyl
ether (5 X 10ml), and the combined organic layers were
dried over sodium sulphate and evaporated under vacuum.
The desired acetamide 5 was obtained after purification of
the crude product by columm chromatography (system a).

4.6.1.  N-f3-{I-adamariylcarboryl)bensylfacetamide (5a)

Compound 5a was isclated as a colowless crystalline
powder in the yield of 83%. M.p. 105-110°C, Ry 0.31
(system a), anal. caled for CoglasNGh,: C, 77.14%; H,
8.09%; N, 4.50%; found C, 76.95%; H, 8.18%; N, 4.22%.
' NMR (CDCLs): 6 1.74 (m, 6H, CHy(Ad)), 1.98-2.07
(m, 12H, CH, (Ad) + CH(Ad) + CH;CO), 4.42 (4,
J = 5.6Hz, 2H, CELNH), 6.10 (bs, 1H, NH), 7.34-7.43
(m, 4H, Ph) ppm. *C NMR (CDCl;}: & 23.4(CHa),
28.3(CH), 36.7(CHa), 39.3(CH,), 43.6(CHy), 47.1(C),
126.1(CH), 126.5(CH), 128.4(CH), 129.7(CH), 138.6(C),
140.3(C), 1702(NHCO) and 210.4(CO) ppm. IR (KBr):
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3250(s), 3074(s), 2905(s), 2851(s), 2678(w), 2658(w),
1679(s), 1642(s), 1563(s), 1440(m), 1373(m), 1349(w),
1299(m}, 1274(m), 1249(m), 1193(w), 1172(w), 1101¢w),
1032(m}, 996(m), 896(w), 790(m}, 733(w}, 705(m),
689(w), 640(w) and 496(w) cm™ L. GC-MS (EL 75eV);
mi7 (%) 43(5), 676y, THS), T9(14), 93(13), 106(5),
10793, 135(100), 136(9), 178(5), 311(M*, 9).

4.6.2.  N-[4-(I-adamantylcarbonyllbenzyl Jucetamide (5b)
Compeound Sb was isolated as a colowdess crystalline
powder in the yield of 55%. M.p. 114-117°C, R; 0.30
(system a), anal. caled for CypHo:NOy: C, 77.14; H, 8.09;
N, 4.50; found C, 77.42; H, 7.93; N, 4.37. '"H NMR
(CDCls): 6 1.69-1.79 (m, 6H, CHo(Ad)); 1.99 (m, 6H,
CHy(Ad)); 2.04 (s, 3H, COCHy); 2.07 (m, 3H, CH{Ad));
4.44 (d, J = 5.6 Hz, ZH, PRCHL,NH); 6.08 (bs, 1H, NH);
7.28 (d, = 7.9Hz, 2H, Ph}; 7.51 (d, = 7.9Hz, 2H, Ph}
ppm. CNMR (CDCl;): 8 = 23.3 (CHy), 28.3 (CH), 36.7
(CH,), 39.3 (CH,), 43.5 (CH,), 47.1 {C), 127.4 (CH),
127.8 (CH), 138.9 (C), 140.7 (C), 170.3 (NHCO) and
209.8 (CO) ppm. IR (KBr): 3250 (s), 3085 (s), 2904 (s),
2848 (s), 2658 (m), 1686 (s), 1646 (s), 1612 (m), 1548 (s},
1452 (s), 1421 (m), 1406 (w), 1375 (m), 1344 (w), 1292
(s), 1273 (s), 1237 (s), 1180 (m), 1122 (m), 1499 (m), 989
(s), 931 (m), 837 (w), 742 (s}, 687 (m), 641 (s), 595 (s} and
495 (s) em ™. GC-MS (EL, 75V); m/7 (%): 43(6), 67(7),
FO(20), 89(5), OL(5), 93(15), 107(10), 135(100), 176(8),
311(M™T, 9).

4.6.3.  N-[3-{I-adamantyimethylcarbonylpenzyl |
acetanide (5¢)

Compound 5¢ was isolated as a colowless crystalline
powder in the yield of 74%. Mp. 115-120°C, R:
0.30(system a), anal. caled for Co | Hp7NOy: C, 77.50; H,
8.36; N, 4.30; found C, 77.24; H, 8.28; N 4.57. '"H NMR
(CDCls): 8 1.59-1.70 (m, 12H, CHy(Ad)); 1.94 (m, 3H,
CH(A)); 2.04 (s, 3H, COCH;); 2.69 (s, 2H, AACH,CO);
4.48 (d, J = 5.3 Hz, 2H, PhCHL,NH); 6.17 (bs, 1H, NH);
7.37-7.48 (m, 2H, Ph) and 7.81-7.83 (m, 2H, Ph) ppm. *C
NMR (CDCly): 8 = 23.3 (CH,), 28.9 (CH), 34.2 (C), 37.0
(CH,), 43.2 (CIL), 43.6 (CIL), 51.5 (CIL), 127.5 (CI),
127.9 (CH), 129.0 (CH), 132.4 (CH), 139.0 (C), 139.4 (C),
170.4 (NHCQ) and 260.3 (CO) ppm. IR (KBr): 3251 (s),
3077 (), 2990 (w), 2905 (s), 2846 (s), 2674 (w), 2660 (w),
1672 (s), 1644 (s), 1600 (m), 1553 (s), 1437 (s), 1371 (m),
1290 (m), 1251 (m), 1026 (m), 803 (w), 760 (m), 582 (w)
and 515 (m) cm L. GC-MS (EL 75eV); m/z (%) 43(18),
S5(5), 67(113, T3(5), T7(23), 79(33), 81(8), 89(8), 90(7),
91(18), 43(18), U2(6), U3(22), 104(3), 105(18), 105(35),
107(17), 118(26), 119(11), 134(13), 135(100), 136(11),
148(20), 149(9), L72(7), 176(73), 177(8), 190(10), 253(93),
254(19), 266(65), 267(14) and 325(M ™, 5).

4.6.4. N-f4-(1-adamantylmethylcarbonylbenyl |
acetaniide (5d)

Compound 5d was isolated as a colourless crystalline
powder in the yield of 43%. M.p. 84-88°C, Ry 0.27
(system a), anal. caled for Cy1Ha7NO4: C, 77.50; H, 8.36;
N, 4.30; found C, 77.38; H, 841; N 3.98. 'H NMR
(CDCly): 6= 1.59—1.70 (m, 12H, CH,{Ad}); 1.94 (m, 3H,
CH(A)); 2.04 (s, 3H, COCH,); 2.68 (s, 2H, AICH,CO);
4.47 (d, J = 5.9Hz, 2H, PhCH,NH); 6.16 (bs, 1H, NH);
7.32 (d, J = 8.3 Hz, 2H, Ph) and 7.88 (d, J = 5.9Hz, 2H,
Ph) ppm. 1*C NMR (CDCLy): 6 = 23.3 (CHs), 28.9 (CH),
342 (C), 37.0 (CH,), 43.2 (CHy), 43.5 (CH,), 51.5 (CH,),
127.8 (CH), 129.0 (CH), 138.3 (C), 1435 (C), 1703
(NHCO) and 200.5 (CO) ppm. IR (KBr): 3261 (s), 3079
(s), 2903 (s), 284 (s), 2673 (w), 2655 (w), 1652 (m), 1609
(m), 1561 (s}, 1426(m), 1371 (s), 1350 (w), 1286 (s), 1263
(s}, 1214 (m), 1100 (m), 1027 (s}, 983 (m}, 915 (w), 813
(m), 771 (m), 623 (w), 585 (s) and 511 (m) em ™!, GC-MS
(EI, 75 €V); nv/z (%): 41(8),43(163, 77(14), 79(203, 93(13),
105(17), 106153, 135(17), 176(55), 253(10), 266(100}
and 267(22).
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Complexed to Cucurbiturils
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Ivo Kutitka,™ and Robert Vicha*!!

The chemistry of cucurbit[z]urils (CBs) inclusion com-
plexes with various ligands has been extensively studied in
the condensed phase.!! The joint development of mass spec-
trometry (MS) techniques has provided insight into the in-
trinsic binding behavior of these host-guest systems readily
available in the gas phase.”! These MS data have been used
to examine self-sorting pseudorotaxane aggregatesl® or dis-
tinguish a pseudorotaxane arrangement for the studied com-
plexes. Depending on the initial concentrations, the forma-
tion of a 1:1 or 2:1 aggregates of butane-1,4-diamine and
CB6 have been observed in the gas phase. Whereas the 1:1
complex adopted a pseudorotaxane arrangement that result-
ed in loss of guest and simultaneous extensive fragmentation
of the CB6 cage under collision-induced dissociation (CID)
conditions, the 2:1 portal-bound aggregate solely underwent
facile loss of one guest.”) Correspondingly, the aggregates of
CB6 with phenylenediamine isomers have been examined to
show that o- and m-isomers preferentially bound on the ex-
terior, whereas p-isomer was buried in the CB6 cavity, in a
pseudorotaxane fashion.”) Additionally, the suppression of
fragmentation channels of the ethylenediamine Nicomplex
after its inclusion into the CBS8 cavity has been observed
under CID conditions.”) Furthermore, the CID was used to
distinguish rotaxane with phenolic axel and tetralactam
macrocyclic wheel, in which the axel centerpiece was
cleaved, from nonspecific unthreaded aggregate which de-
composed to the wheel and axel.l’
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In some cases of multiply charged aggregates, the CID led
to the electrostatic repulsion-driven cleavage of an axel with
retention of pseudorotaxane arrangement of host and guest
residue as it has been demonstrated for the supramolecular
aggregates of molecular tweezers containing dendritic violo-
gen dications™" or crown-ether/ammonium rotaxanes.["
The selective binding of CB6 to lysine residues and the sub-
sequent removal of a lysine fragment-CB6 complex was re-
cently introduced as a probe to determine the structure of
small proteins.”

Formation of inclusion complexes of various adamantane
derivatives with CBs in solution has been well documented.
Almost ideally sphere-shaped adamantane cage perfectly
fits the hydrophobic interior cavity of CB7 to form highly
stable complexes. Typical values of binding constants (e.g.,
1.7-10%M™! for 1-adamantylammonium with CB7 or
510%M ! for dication of N-(2-aminoethyl)-1-adamantyla-
mine with CB7) allow such adamantane derivatives to be
classed as ultrahigh affinity guests for CB7 along with
bicyclo[2.2.2]octane and ferrocene derivatives.'”! As the CBs
cavity is a magnetic shielding region, the considerable up-
field shifts of resonances for the adamantane protons indi-
cate the preferable positioning of the adamantane cage
inside the cavity.!>!] On the other hand, CB8 with larger
cavity binds adamantane derivatives with reduced affinity (a
typical binding constant for CB8 with 1-adamantylamonium
is 8.2:10°m") and the lower homologue CB6 does not in-
clude adamantane cage™ Nevertheless, this specificity
allows to design an interesting self-sorting multi-component
systems'!) or utilize the adamantane derivatives as competi-
tive controllers of aggregation processes.'?

Imidazolium-based ionic liquids with various length of
alkyl chains demonstrate different stoichiometry (1:1 or 2:1)
with CB6 as well as two distinct binding modes differing in
the imidazolium unit penetration depth.!®) Bisimidazolium
(BIM) salts with short terminal methyl substituents and p-
xylylene spacer between imidazolium rings form a 1:1 aggre-
gates with CB7 or CBS8 in water with binding constants of
about 2-3-10°m~%. In these complexes, the aromatic spacer
occupies the interior of CB cavity and charged imidazolium
rings cap both CB portals.!Y) It has been described, that
complexation of a,a’-bis(3-(1-methylimidazolium))-p-xylene
dication inside the CB7 cavity significantly decrease the H/
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Scheme 1. Structures and dimensions””) of the bisimidazolium salts and
cucurbiturils used in this work.

D exchange rate for the N~CH—N protons due to H-bond-
ing to the CB7 portal carbonyl oxygen atoms.™! Additional-
ly, the positioning of the CB7 unit on the initially unfavored
dicationic binding site of the BIM 2d (for the structure, see
Scheme 1) was observed as a result of a cooperative supra-
molecular interaction between CB7 and -cyclodextrin units
in the ternary complex."® Upon the ESI-MS data, the simi-
lar dicationic binding site was suggested to be complexed to
the CB7 due to high initial CB7 concentration.!'*"

Herein, we describe the consecutive fragmentation of CB-
complexed BIM guest dications, that is, cleavage of the co-
valent C—N and C—C bonds, while retaining the supramolec-
ular interactions between the charged guest residue and the
CB molecule. In addition to the unprecedented gas-phase
reactivity (to the best of our knowledge), we demonstrate
that analysis of the ESI-MS spectra of host—guest systems
may serve as a tool for estimating the ability of CBs to slip
over the molecular axel.

We first analyzed MeOH/H,O (1:1, v:v) solutions contain-
ing only BIM dibromides (Scheme 1). Figure 1a shows that
five significant ions were observed in the positive-ion mode
ESI-MS spectra for compound 2a and assigned through a
detailed investigation using tandem mass spectrometry and
CID experiments. The fragmentation of the ion at m/z 223
(MS?) created two product ions at m/z 297 and 149 (Fig-
ure 1b). Further fragmentation of m/z 297 (MS®) led to the
parallel neutral loss of imidazole, diazine, or diimidazoylme-
thane to yield the ions at m/z 229, 217, or 149, respectively
(Figure S7c¢ in the Supporting Information). We therefore
assigned the ion at m/z 223 to the doubly charged molecular
BIM ion and the ions at m/z 297 and 149 to its singly charg-
ed fragments that form during the ESI process. The loss of
the singly charged adamantylmethyl cation (m/z 149) will
hereinafter be referred to as “149” fragmentation. In addi-
tion, the supramolecular associate between BIM and Br~
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pair at m/z 525 and 527. This association loses a neutral HBr
molecule to produce the sole singly charged N-heterocyclic
carbene™ observed at m/z 445 (Figure S7d in the Support-
ing Information).

We subsequently analyzed 25 pm mixtures of the BIM li-
gands and CBs (Scheme 1) in a 50 um solution of NaCl in
water. In the spectra of the BIM/CB7 mixtures, we initially
focused on the fragmentation of the doubly charged ions
from the 1:1 complexes [BIM-CB]**. Figure 2¢ and d show
that, for compound 1e¢ with CB7, the fragmentation of the
1:1 complex at m/z 930 forms three ions at m/z 549, 1163,
and 1311. Based on the corresponding MS spectra for the in-
dividual BIM and CB7 compounds, we assigned these sig-
nals to the singly charged residue of 1e¢ arising from “149”
fragmentation, the singly charged association of CB7-H*
and the singly charged CB7-AdCH,*, respectively. The ion
at m/z 1311 loses a neutral AJdCH fragment and forms
CB7-H* at m/z 1163 after further fragmentation (MS?).
Therefore, the observed fragmentation for BIM 1le¢ com-
plexed to CB7 is essentially the identical to that of free BIM
(compare Figure S16b in the Supporting Information and
Figure 2d).

In contrast, we obtained completely different results for
the mixture of 2a and CB7 (Figure 2a and b). In the MS*
spectrum for this complex, we observed two ions at m/z 730
and 656 formed from the parent ion [BIM-CB7]** at
m/z 804. Subsequent fragmentation of the ion at m/z 730
(MS?®) led to the sole formation of the ion at m/z 656. This
may be rationalized as the sequential loss of neutral 1-ada-
mantylcarbene fragment (or its isomer)™” from both ends of
the BIM scaffold to yield the doubly charged aggregate of
the CB7 and BIM residue. This release of neutral AdCH
fragments (exact mass of m/z 148) will be hereinafter refer-
red to as the “148” fragmentation.

All other examined adamantylated BIMs displayed at
least one (but usually exactly one) of these fragmentation
pathways and no additional significant signals were ob-
served. Little variations in signal intensities can be reasona-
bly attributed to the different axel bulkiness which influen-

Chem. Eur. J. 2012, 18, 13633 -13637
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Figure 2. Positive-ion mode ESI mass spectra (full scan) of aqueous solu-
tions of 2a-CB7 and 1¢-CB7. a) First-order mass spectra of 2a-CB7,
b) MS® of m/z 804, c) first-order mass spectra of 1¢-:CB7, d) MS* of
m/z 930. The assignments for the observed signals are shown in the
brackets. The fragmented ions in the tandem mass spectra are marked
with bold, downward arrows.

ces the activation barriers to the slipping of CB7 between
particular binding sites. Thus, the intensity of the second
“148” fragmentation product signals was rather lowered in
the case of BIM 2b, le, or 2e and completely disappeared
in the case of BIM 1a or 1b. Additionally, the CID (MS?) of
doubly charged aggregates of the BIM 1a or 1b with CB7
resulted in products of “149” fragmentation accompanied by
products of one “148” fragmentation. Comparing the inten-
sities of the corresponding signals (Figure S40 and $41 in
the Supporting Information), we may see that the 1a-CB7
complex was predominantly cleaved via the “148” fragmen-
tation in contrast to the 1b-CB7. The complexes of CB7 and
BIM 1e or 2e (Figure S43 and S47 in the Supporting Infor-
mation) displayed fragmentation pattern similar to those ob-
served for the corresponding methylene-bridged BIMs and
the additional hypothetical binding site on the aromatic
bridge did not affect fragmentation pattern.

The 'H NMR spectra recorded for the mixtures of BIMs
with CB7 in D,O indicated formation of inclusion com-
plexes with pseudorotaxane geometry (Figure S60 in the
Supporting Information). The considerable upfield shift of
all adamantane signals hand in hand with diminishing of sig-
nals of free BIM when the CB7 molar fraction reached of
0.7 evidenced that both terminal adamantane cages were

Chem. Eur. J. 2012, 18, 1363313637
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successively complexed to the CB7 interior cavity to form
the 1:1 or 1:2 aggregates depending on the CB7 concentra-
tion. In contrast, the downfield shift of signals of methylene
or p-xylylene bridges suggested the location of the central
part of BIM close to the CB7 portal. Considering previously
discussed binding constants for similar structure motifs with
CBs, we assume that binding of CB7 at adamantane site is
strongly favored and observation of any other potential ar-
rangements is disabled using NMR. However, this finding
does not contradict the formation of pseudorotaxane com-
plexes with different geometry under treatment in the gas
phase.

We propose that the aggregates evidenced in solution are
transferred to the gas phase using ESI to observe corre-
sponding signals in the first-order mass spectra. We believe
that the CB host cannot reach the opposite end of the guest
skeleton by walking “outside” of the guest molecule without
decomposing the supramolecular complex. Therefore, the
presence of substituents with varying bulk results in three
distinct situations (Figure 3), as indicated via further frag-

Figure 3. Schematic drawing of the slipping modes of the CB unit over
the BIM dication.

mentation analyses: 1) The CB is bound to the end of the
BIM molecule and cannot slip over the imidazolium unit.
Only the products of “149” fragmentation are observed.
Typical examples of such BIM salts are 1¢ or 2¢ (Figure 2d
and Figure S45 in the Supporting Information). 2) The CB
may slip over the imidazolium unit once bound to the BIM
but cannot easily reach the opposite end of the BIM. In
such cases we observed products from both “149” and “148”
fragmentations. However, the “148” fragmentation occurred
only once. In other words, only one adamantylmethyl sub-
stituent can be released in this manner. Typical examples of
such BIM salts are 1a or 1b (Figures S40 and S41 in the
Supporting Information). 3) The CB can freely slip over the
BIM skeleton, and the products of “148” fragmentation
were predominantly observed. Typical examples of such
BIM salts are 2a, 1e, 2b, or 2e (Figure 2b and Figures $43,
S44, and S$47 in the Supporting Information).

We next focused on the fragmentation analysis of 2:1 ag-
gregates of CB with BIM. With the exception of compounds
1a and 2a, the signals obtained for the 2:1 aggregates were
not observed for the equimolar aqueous solutions of CB and
BIM in the presence of NaCl. The transfer of the 2:1 aggre-
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gates from solution to the gas phase was supported by ex-
cluding NaCl from the tested mixture and enhancing the
mole fraction of CB in the solution. The 2:1 aggregates
were typically observed as either doubly charged ions or
their triply charged Na* associations. A further CID experi-
ment led to the loss of the CB unit to form the doubly
charged 1:1 complex with nearly identical fragmentation
patterns to those previously described (Figures S48-S57 in
the Supporting Information). However, for BIMs 2a and
2b, the fragmentation of the doubly charged 2-CB7-BIM at
m/z 1385 and m/z 1399 yielded an unexpected pair of ions at
m/z 1311 and 1237 and m/z 1325 and 1251, respectively (Fig-
ures S53 and S54 in the Supporting Information). We as-
signed these ions to the doubly charged products of the se-
quential “148” fragmentation complexed to two CB7 units.
The 2:1 aggregates of two CB7 and doubly protonated dii-
midazoylmethane with signals at m/z 1237 and 1251 further
fragmented (MS*) to yield signals at m/z 1311 and 1339, re-
spectively. In both cases, these ions were accompanied with
a signal at m/z 1163. We interpreted this as an electrostatic
repulsion-driven cleavage of the 2:1 complex to form a
[CB7-H]" ion at m/z 1163 and the singly charged aggregates
of the CB7 and corresponding singly protonated diimida-
zoylmethane at m/z 1311 and 1339, respectively.

To examine the scope of the described phenomenon, we
analyzed mixtures of the benzylated BIMs 1d and 2d with
CB7 and MesCB6. Typically, in the MS spectrum of 2d we
observed ions at m/z 409/411, 329, 239, and 91, which we as-
signed to [BIM+Br |*, [BIM-H*]*, [BIM-Bn*|* and Bn*
(Figure S25 in the Supporting Information), respectively.
Under the same experimental conditions, we observed two
additional signals at mi/z 746 and 505 when analyzing the
equimolar mixture of 2d and CB7. Upon further fragmenta-
tion analysis, we assigned these signals to the [CB7-BIM]**
and [CB7-BIM-Na]** aggregates, respectively. The former
ion decomposed into the fragments observed at mi/z 253,
707, 1161, and 1401 (Figure S46b in the Supporting Informa-
tion). The assignment of the ion at m/z 1161 is discussed
below and the rest were assigned to [BIM-77%]*, [CB7+
BIM-78]**, and [CB7+BIM-Bn*]™*, respectively. As can be
clearly observed, the presence of CB7 promoted alternative
fragmentation pathways involving the loss of a neutral frag-
ment. We can conclude that CB7 clearly changed the frag-
mentation mechanism and supported the charge retention
on the axel residue during the fragmentation process. With a
view to extension of our work to other CB homologue, we
analyzed mixtures of BIM salts 1d and 2d with Me,CB6, a
water-soluble analogue of CB6. Signals for [BIM+
MesCB6]** were clearly observed and fragmented (Figur-
es S58 and S59 in the Supporting Information) to yield ions
assigned to  [BIM-Bn*|*, [Me,CB6+BIM-Bn*|*,
[Me,CB6+Bn*]* at m/z 1171 and the ion at m/z 1079 (see
below). These results indicate that Me,CB6 can form supra-
molecular complexes with benzylated BIM but cannot slip
over the BIM skeleton to provide the alternative fragmenta-
tions contrary to CB7, which has a larger internal cavity di-
ameter.
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Finally, we would like to note the unusual forms observed
of the CBs. In some cases, the complex between the CB7
and the charged BIM fragments decompose to neutral BIM
residues and a CB ion at m/z 1161. Similarly, the fragment
at m/z1079 was observed when mixtures containing
MeCB6 and a suitable ligand were analyzed. Figure 4
shows the obtained tandem mass spectrum for the mixture
of CB7 with 1a. The ion at m/z 1559 was obtained through
sequential MS? experiments beginning with the ion at
m/z 855 (doubly charged CB7-BIM), which produced the
minor ion at m/z 1559 under CID conditions (Figure S40b
in the Supporting Information). We assigned this ion to
[CB7+BIM-AdCH,*]* and a further fragmentation (Fig-
ure S40c¢ in the Supporting Information) led to the loss of a
neutral dibenzimidazoylmethane unit to yield [CB7+
AdCH,*]|* at m/z1311. The parallel fragmentation of
m/z 1559 led to the loss of neutral adamantylmethylbenzimi-
dazole and the ion at m/z 1293. Subsequent fragmentation
yielded the ion at m/z 1161 (Figure S40d in the Supporting
Information). The suggested pathway was supported by the
further isolation and fragmentation analyses of the ions at
m/z 1311 and 1293. Using these data, we were able to assign
the ions at m/z 1293 and 1161 to the singly charged complex
of CB7 and benzimidazolylmethyl and the singly charged
CB7 without a single hydrogen atom, respectively. We can
speculate that latter ion is possibly formed by a hydride
transfer from the neutral CB7 molecule to the benzimidazo-
lylmethyl cation. To support this idea, the structure and for-
mation of the [CB7-H™|* cation was further studied using a
computational chemistry framework (for details and analy-
sis, see the Supporting information). Density functional cal-
culations indicated that the reaction depicted in Figure 4 is
favorable towards the products by —160 kIJmol . It can be
expected that the transfer probably occurs within the
CB7-benzimidazolylmethyl cation complex. Indeed, its pre-
dicted structure shows reasonable mutual orientation of
both donor and acceptor atoms of hydride ion with atom-to-
atom distance of 3.5 A.

In conclusion, we have demonstrated that CBs may dra-
matically change the fragmentation pathways of axel mole-

1161.4 [CB7+1317
[CB7-HT| 12935

QQ\/’\F/\M 131[1CsB7+AdCHZ']’
N— o

+ N —/

Ad_Na

M=
[CB7+M-AdCH,T
1559.6
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NS NN Y N%\‘NJLN NN N
Oy = HIHH L S
NN N N_N_NNCN
DO G G G
. 0 0 o o
miz 1293 m/z 1161

Figure 4. Tandem mass spectra (MS?) of m/z 1559 (top) and a schematic
representation of the final step in the proposed pathway toward m/z 1161
product ion (bottom).
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cules in the gas phase. Whereas sole bisimidazolium dica-
tions decompese to two singly charged fragments in accord-
ance with electrestatic repulsion, some complexed dications
release nenfral fragments to form doubly charged complex
of CB and axel residue. Furthermere, latter fragmentation
occurred only when the slippage of the CB unit over the
axel was sterically allowed. This phenomenon has general
impertance for the description of binding medes using mass
spectrometry. We are currently preparing a set of BIM li-
gands with a spacer of various lengths bearing a steric hin-
drance between the imidazolinum rings to clarify the mecha-
nism of unusual “148" fragmentation. In additien, we have
demeonstrated the ability of CBs to act as a hydride doner in
the gas phase. This property of CBs, as soen as proved in
solution, may open a new way towards functicnalized CBs.
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1 | INTRCDUCTION

Rationale:  Bisimidazolium salts (BIMs} represent an interesting family of ditopic ligands that
are used in the construction of supramolecular systems with hosts based on cyclodextrins or
cucurbit[n]urils. Understanding the fragmentation mechanism of individual BIMs and how this
mechanism changes after complexation with cucurbit[n]unls can bring new insight into the intrin-
sic host-guest relationship, thereby allowing utilization of mass spectrometry to describe binding

behavior.

Methods:

by spectroscopic methods. All MS" experiments were conducted in the positive-ion mode using

Selectively “H-labeled bisimidazolium salts were prepared and fully characterized

an electrospray ionization (ESI} ion-trap mass spectrometer. The structures of the proposed
fragments were supported by theoretical optimizations performed at the B3LYP/6-31G(d} level
of density functional theory [DFT} using the Spartan'14 program.

Results: Using selectively deuterium-labeled isotopologues of two  adamantylated
bisimidazoliurm salts and DFT calculations, we describe the fragmentation pathways of
hisimidazolium salts. The release of two impartant adamantane moieties, [C1.H.7]" and Cy1Hy .,
from M?* was determined, although the former was strongly preferred. In contrast, when M2*
was complexed with CB7, the neutral loss of the Cy1H;, fragment was favored. The fragmenta-
tion pattern strongly depended on the steric hindrance of the M?* guest against slippage of the

CB7 unit over the guest molecular axle.

Condusions:  The structures of two adamantane-based fragments and the mechanisms of
their formation were rationalized. Two distinct geometric arrangements for the adamantane cage
inside the CB7 cavity were hypothesized to explain the differences in the fragmentation pattems
for guests with minimal, moderate, and high steric hindrance. This finding brings new insight into

the understanding of intrinsic behavior of the adamantane-hased guests inside the CB7 cavity.

Ancther interesting feature of the imidazolium core originates from
the relative acidity of hydrogen at the N=CH-N position. In addition

Bisimidazolium salts represent an intriguing family of compounds that
are used, for instance, in host-guest supramolecular chemistry.™” In
addition to the well-established and extensively studied imidazolium-
based ionic liquids, compounds consisting of more than one
imidazolium core can serve as multitopic guests. In particular,
compounds that consist of hydrocarbon cage scaffolds, such as
adamantane, diamantane, bicyclo[2.2.2]octane or femocene, can be
employed as key components in complex supramolecular systems
due to the extraordinary high affinity of these guest towards some

macrocyclic hosts, including cucurbit[7uril and B-cyclodesdtrin &1

to the rapid exchange in protic media, which can be modulated by
complexation inside the macrocycle cavity,'>'? this proton can be
abstracted to produce so-called M-heterocyclic carbenes (NHCs).
Subsequently, the interactions of free electron pairs localized on the
2 carbon with varous transition metals afford coordination com-
plexes, which are well documented in recent literature.'*'® Many of
these complexes have been successfully employed in various synthetic
protocols. With the exception of the structures containing bulky
substituents,'” the NHCs are usually highly reactive; thus, their direct

observation is obstructed. Despite the inaccessibility of neutral
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carbene species for mass spectrometry, the NHCs tagged with
anionic?” or cationic®® matifs can be easily observed. In the latter case,
the bisimidazolivm and trisimidazolium salts were studied. In such
structures, one imidazolivm core was transformed into an NHC, and
the remaining imidazoliums allowed the detection of the resulting ions
by means of mass spectrometry.

As mentioned above, cationic moieties in combination with an
adjacent, suitable lipophilic scaffold form highly stable, specific aggre-
gates with cucurbitin]urils in solution.®? These species can be effi-
ciently transferred into the gas phase wsing the electrospray
technique for study using mass spectrometry.®® Over the past decade,
several intriguing papers have been published in this field. For instance,
the CB4-induced selective fragmentation of proteins at lysine residues
structural

dissociation  allows  the

24

under  collision-induced

determination of small proteins.” Another example in which
pseudorotaxane-like and external hinding modes were distinguished
by gas-phase reactivity of CB& and 1,4-diaminobutane aggregates.?®
Finally, it has been demonstrated that the stabilization of cationic
intermediates vig ion-dipole interactions between cationic species
and cucwrbitin]uril portalis} or other suitable electron-donating motifs
plays a crucial role in fragmentation processes.”®

It has been previously reported* that the complexation of the
adamantane binding site of hisimiazolium salts inside the CB7 cavity
changes the preferred fragmentation pathway. We demonstrated that
the fragmentation pattern comelates with the ahility of the CB7 unit to
slip over the guest molecular axle. In this study, we elaborate on a pre-
viously described phenomenon and suggest the fragmentation path-
ways of free and complexed BIMs in detail. The structures of the

guests and host are given in Figure 1.

2 | EXPERIMENTAL

21 | Materials

All deuterium-labeled reagents and solvents, i.e., LIAID, (96 atom % D,
CD.Brg (99 atom % O}, Dl in DO (35 wi %, 99 atom % D), D20 (99.9
atom % D}, and [D4]methanol (9.8 atom % D}, were obtained from
Sigma-Aldrich. The deuterium-labeled compounds 1a, 2o, 1y, and 2y
were prepared according to procedures that were described previously
for non-labeled species.* The Greek letters a, B, and v specify the
labeled positions, as depictedin Figure 1 and Scherme 1. The structures
of all intermediates and final products were confirmed using *H NMR
and 'C NMR spectrometry (for spectra, see Figures $42-$49,
supporting information}. The compounds 16 and 2B were prepared in
sittr by H/D exchange in DzO.

o B 286
compounds 1a-1y

FIGURE 1
characters

7] |
f’f‘fj\rﬂ%"ﬂ Y
o P

compounds 2a-2y

Ad—COOH d 20D 5P

L

1o (B67%)

SCHEME 1 Preparation of deuterium-labeled imidazolium salts 1q,
1B, and 1y. Greek characters denote the position of D-labeling as
depicted in Figure 1. Reaction conditions: (i} LIAID 4, DEE, reflux, & h,
B6%:; [il} CBry, PPha, DCM, 20 °C, 24 h, 85%; (i} imidazole, NaH, DMF,
80-%0 *C, 200 h, 78-80%; (iv} neat CHaBrs, 70-80 °C, 100 h; v}
according to 2 previously reported |:.‘mcen:luree;4 fwi} neat CDBrog,
BO-90 2C, 24 h; (i} in sity D20, 25 *C, 30 min

2.2 | Mass spectrometry

The electrospray ionization mass spectra ([ESI-MS}were recorded using
an amaZon X ion-trap mass spectrometer [Bruker Daltonics, Bremen,
Genmmany} equipped with an ESI source. All experiments were con-
ducted in the positive-ion polarity mode. The instrumental conditions
used to measure the single bisimidazolium salts and their cucurbit]7]
wril mixtures were different; therefore, they are described separately.
Single bisimidazofium safts: Individual samples (with 2 concentration of
500 ng cm™? were infused into the E$I source in methanolfwater
[1:1, w/v} solutions (in the case of non-abeled salts and compounds
1o, 1y, 20, and 2y} using a syringe pump with a constant flow rate of
4 uL-min~t. In the case of compounds 14 and 2B the solutions for
MS analysis were prepared by 1:100 dilution of the stock solution in
D20 with D2O/CD0D (1:1, w/v} or MeCN, respectively. The other
instrumental conditions were as follows: an electrospray voltage of
-4.2 kv, capillary exit voltage of 140 V, drying gas temperature of
220 °C, drying gas flow rate of 4.0 dm®min™! and nebulizer pressure
of 55.16 Pa. Hast-guest complexes: An agueous solution of the guest
molecule (12.5 ), cucurbit[7]unl (12.5 pM}, was infused into the

B fu/}%l a ji_ -
Y "'\(km;:xffl}’f NN
A O EAR Y] —
— B M. N
28¢ “r}f T

cucurbit[7]uril

Structures of guests and host used in this study. The positions in which the compounds 1 and 2 were D-labeled are assigned with Greek
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ESI source at a constant flow rate of 4 uL-min~* {the D,O solution of
both host and guest molecules was used in the case of compounds
1B and 2B, respectively). The other instrumental conditions were as
follows: an electrospray voltage of -4.0 kv, capillary exit voltage of
20-140 V, drying gas temperature of 300 °C, drying gas flow rate of
6.0 dm®min~t and nebulizer pressure of 206.84 kPa. Nitrogen was
used as the nebulizing and drying gas for all experiments. Tandem mass
spectra were collected using collision-induced dissocization (CID} with

helium as the collision gas after the isoletion of the required ions.

2.3 | Theoretical calculations

Calculations were performed using the Spartan'l4  software
Wavefunction, Irving, CA, USA}.27 The equilibrium geometries and
energies of the optimized benzoimidazolium and imidazolium salts
were detemnined by density functional theory (DFT} calculations on
the level of the B3LYP (Becke-3-Lee-Young-Parr} model and the
6-31G" polarization basis set. Multiplicity was set to singlet in all cases
and the charge was adjusted to neutral, cation or dication according to
the particular molecules. All calculations were set in a vacuum with no

constrained bonds or angles.

3 | RESULTS AND DISCUSSION

31 | Chemistry

The a-tetradeuterated compounds were prepared from comimercially
available adamantane-1-carboxylic acid, which was reduced by LIAID,
to produce the comesponding primary alcohol. This alcohol was trans-
formed into  1-(bromomethylladamantane, coupled with sodium
(henzolimidazolide, and then quatemized with methylene dibromide.
The y-labeled compounds were prepared according to essentially the
sarne protocol, except CD5Br; was used instead of CH4Br, in the final
step. This final step was performed at the millimolar scale in 1 mL of
neat CD2Brz. The remaining CD2Br: was recovered by microdistillation
under reduced pressure and trapped using liquid nitrogen. Despite sev-
eral attempts to prepare B-labeled salts in solid form using various
combhinations of media (D20, CD.OD} and acids (DT, HCOOD), we
obtained products with unsatisfactory degrees of H/D exchange
according to the mass spectra. Finally, we prepared compounds 1
and 2B in situ by dissolving non-labeled 1 or 2 in DO, The H/D
exchange was equilibrated for 30 min at room temperatwre and
ohtained solution was analyzed by ESI-MS. The complete layouts of
the synthetic pathways towards compounds 1g, 1B, and 1y are given
in Scheme 1. The yields of compounds 2o and 2y were 80% and
962, respectively.

3.2 | Fragmentation analyses of compounds 1 and 2

In the first-order mass spectra of hoth hisimidazolium salts, five impor-

tant signals were observed, as displayed in Figure 2A for non-labeled
compound 2. The base signal was attributed to the M?* cation. The
electrostatic repulsion likely drives the cleavage of the M?* dication
into two singly charged fragments [C;Hy7]" (149 m/z; the m/z values

refer hereafter to the non-labeled structures, if not mentioned
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AGURE 2 The positive-ion ESI mass spectra of an agueous solution
of 2. (A} First-order mass spectra, (B} M$2 of m/z 273.3, and [C} M$?
of m/z 397.4. The assignments for observed signals are shown in
brackets. The fragment ions in the tandem mass spectra are marked
with a black dowmward-facing triangle [Color figure can be viewed at
wileyonlinelibrary.com]

elsewhere} and the reminder of the molecule. This process obviously
occurred during the spraying and drying of the sample. We were
unable to tune the spraying conditions to suppress these signals. In
addition, the signal of the [M?*+Br™]* aggregate and the signal related
to the product of HBr elimination (m/z 545} were both ohserved. This
process yielding a N-heterocyclic carbene has been previously docu-
mented.***?! Because the fragmentation of imidazolium salts is very
similar to that of benzimidazolium salts, we discuss only the fragmen-
tation of 2 for clarity and conciseness. However, the important differ-
ences between imidazolium- and benzimidazolium-based species are
noted. In addition, we prepared three selectively labeled isotopologues
for each bisimidazolium salt to enable a detailed description of the
fragmentation pathways. The respective labeled positions, ie.,
AdCD,-, N=CD-N, and N-CD,-N, are hereafter assigned as q, B,
and v, respectively. Initially, we analyzed the fragmentation pathway
of the dication M?* (for the corresponding M$? spectrum for com-
pound 2, see Figure 2B} The important fragmentation pathways
discussed in this text are displayed in Scheme 2.

Under the CID conditions, the molecular dication M2* (m/z 273}

decomposed solely into the two fragments described above, ie.,
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[C1Hz]" (m/z 149} and the singly charged residue of the molecule
[m/z 397}. Because we ohserved no transfer of labeling (Figures $25,
$28, and $33, supporting information}, we inferred that the AdCH.-N
hond was simply cleaved by shifting its electron pair onto the nitrogen
atom to saturate the positive charge. Similar electrostatic repulsion-
driven cleavage has been previously reported.?® One remark regard-
ing the identity of [Cy4Hy5]" cation should be given. Although the
initial form of this fragment is probably a 1-adamantylmethyl cation,
it is reasonable to expect the rapid reawangement of this unstable
primary cation to a more stahble, likely tertiary, cationic species. The
computed free energies of four reasonable structures that match the
fommula [C11H7]* are shown in Figure 3. It can be seen that the most
stable cation is 3-methyladamantane-1-yl. However, to the best of our
knowledge, there is no precedence in the literature that describes the
transformation of 1-adamantylmethyl to 3-methyladamantane-1-yl. In

contrast, it is well known that the homoadamantane-1-yl cation is

307 0 29
AE[KJimol]

FIGURE 3 Plausible structures of the [C1Hy5]" cation, with relative
free energies from DFT calculations at the B3LYP/6-31G° level of
theory

readily formed from 1-adamantylmethyl upon solvolysis.?® Therefore,
we assumed that the [CyH47]" fragment was homoadamantane-1-yl
in this study.

Upon further CID analysis, the m/z 397 ion displayed five indepen-
dent fragmentation pathways (Figures 2C, 51%, and 520, supporting
infonmation). The most abundant fragment, m/z 131, retained one
D-atom from the P position and two D-atoms from the y position,
whereas no transfer from the a position was ohserved. Accordingly,
we attributed this signal to the benzimidazol-1-ylmethyl cation, the
formation of which was accompanied by the neutral loss of 1-{1-
adamantyltbenzimidazole. it should be noted that analogous fragmen-
tation was not observed in the case of compound 1.

The second highly abundant peak in the M$2 spectrum of the m/z
397 ion was ohserved at m/z 247 [Figure 2C} and was assigned 1o the
1-[1-adamantylmethyllbenzimidazolium cation. The proton required to
maintain the single positive charge within this structure was likely
abstracted from the B position of the adjacent imidazole ring to pro-
duce a neutral fragment, CgHgMNo (130 u). When 2B was examined, this
cation was observed at m/z 269, and two D-atoms were present (see
Figure $28, supporting information). As displayed in Scheme 3, the
initially formed dipolar structure could be stabilized via ring opening
to produce 2-methylideneaminobenzoisonitrile. This structuwre can
either reconstitute a heteroaromatic ring {i.e., to form quinoxaline} or
undergo a well-known reamangement towards a much more stable
corresponding benzonitrile,”® which can further fonm guinazcline.
Considering the calculated free energies (see Scheme 3}, we inferred
that both 1 and 2 produce a 1,3-diazine species in this step. This
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tfragmentation pathway ends with the decomposition of the m/z 267
ion to yield [C11H:7)*" and neutral benzimidezole (Figure $20,
supporting infonmation}.

The most interesting result was the fragment observed at m/iz 279
[Figure 2C}. This singly charged fragment could be formned from vz
397 via the neutral loss of benzimidazole (Figure $20, supporting
information). Thus, one proton must be transferred from
1-adamantylmethylbenzimidazole 1o the adjacent benzimidazole
moiety. As the fragmentation of labeled 2 unambiguously shows, this
proton was not taken from any labeled positions (see Figures $25,
$28, and 532, supporting information}. In addition, the m/z 279 ion
further decomposed to yield [C11H17)" fwith corresponding labeling},
indicating that the adamantylmethyl moiety remained intact. Thus,
the proton was clearly abstracted from the heterocyclic ring. The use
of the B-labeled compound proved that the proton was not relzased
from the B position and, thus, had to be released from the benzene
ring. It is not completely cear whether the heterocyclic moiety
CgHsMo, which is formed here, is of the same chemical nature as that
formed wia m/z 397 — 267 [Figure 520, supporting information}.
However, the mechanism is likely different and, in this case, involves
the benzene ring. Scheme 4 displays the possible stabilization of the
cationic structure formed within the m/z 397 — 279 release of
benzimidazole. We supposed that a proton was abstracted from the
artha-position; thus, such a species could be stahilized either by the
formation of a new four-membered ring or carbene (Scheme 4}
Because of the high free energy of tricyclic structures and the lack of

a reasonable stahilization pathway, we supposed that the carbene

Oy

miz 397

T
\_-.N"‘

Ad
SCHEME 4  Structure rationalization of the
nz 279 fragment formed within the m/z 397

— 279 fragmentation pathway of compound
2. Relative DFT computed energies are given
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was an intermediate that subsequently rearranged 1o the

quinoxalinium  cation. Interestingly, the imidezolium derivative 1
displayed essentially the same behavior according to the mass spectra,
although its aromatic system lacked the fused benzene ring. In this
case, the proton was likely released from position 4 or 5 of the
imidazolium ring. Contrary to compound 2, two stabilization pathways
can be suggested in the case of 1, as depicted in Figure $17b
[supporting information}. Considering the DFT computed energies,
we supposed that the final myz 229 structure is likely a 1-(1-
adamanty Imethylipy imidinium cation.

The remaining two minor fragmentation pathways are accompa-
nied by the release of the adamantane moiety in two different fonms.
The fragment observed at m/z 149 may be the product of subsequent
cleavage of either the m/z 267 or m/z 279 ion (see above}. However,
[€11H17])" was also unambiguously released from the M2* ion; thus,
the repetition of this deavage should be considered.

The last observed fragmentation of the m/z 397 ion, which
resulted in the production of the m/z 249 ion (Figure 2} can be rational-
ized by the release of a neutral C11Hq4 moiety. Therefore, one proton
was transferred from AdCH, to the benzimidazolium moiety. Because
subjecting the a-labeled targetion (i.e., my/z 399} 1o CID led to the for-
mation of a doubly labeled adamantane fragment (see Figure $25,
supporting information), we concluded that the H-atoms from the
Ad-CHa- methylene group did not participate in this event; instead,
the H-atom required for the m/z 249 ion was likely abstracted from
the Ad cage. Therefore, we considered this neutral fragment Cy4Hqg

(148 u} to be the tetracydic hydrocarbon depicted in Scheme 2. It

rhd
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HG 31 SN T j
® \_NJ K Q‘.’.\ENS‘- @N’
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260.7 kJfmol & +— l
\=N@ #
0 kdimel
Ad



PREDMETNE PUBLIKACE

CABLOVA ET AL,

s | wiLey-

should be noted that the hypothetical carbene Ad-C-H formed via the
abstraction of a proton from the methylene group is approximately
150 kJ/mol less stable than the tetracydic dervate. This final men-

FRt et

tioned pathway was not observed in the case of compound 1.

The second examined signal in the first-order mass spectra of
compound 2 was a cluster related to the [M**-Br]* aggregate
observed at myz 425/627 [Figure 2A) Upon CID analysis, this ion
released neutral HBr to produce a singly charged fragment at nwz
545, The H-atom was unambiguously abstracted from the B-position,
as suggested by the loss of m/z 81 from °Br, Bf-D2]M2” ffor the spec-
trum, see Figure $26, supporting information}.

Finally, we subjected the m/z 545 ion fi.e., [M?*-H*T"} to €ID and
ohserved two independent fragmentation pathways leading to the
fragments at m/z 397 and 427, respectively [Figures 518 and 519,
supparting information}). The former fregment is likely explained
by the neutral loss of C11H;4 as discussed above. The latter pathway
fi.e, mfz 545 — 427} led to the ion observed at m/z 427, which
differed from the target ion by 118 u. We speculated that the
neutral loss of benzimidazole occurred. However, the mechanism by
which a central part of the target ionis removed, which requires a large
reorganization of the molecular skeleton, is unclear. However, it was
demonstrated by further CID that the m/z 427 ion can lose two Ad

units sequentially (Figure $19, supporting information). Due to the lack
of an unambiguous explanation, these fragmentation pathways are not
included in Scheme 4. In addition, it should be noted that all pathways
that include NHC were accompanied by the wide redistribution of
deuterium labeling to produce isotopological clusters instead of the
single mass signals upon further CID analysis. The deuterium labeling
was redistributed over the entire molecule backbone, including at least

one position of the adarantane cage.

3.3 | Fragmentation of BIMs in complex with CB7

The hinding behavior of the non-labeled guests 1 and 2 towards CB7
was investigated using *H NMR spectroscopy prior to the M$ studies.
Both the guests displayed the slow exchange mode on the NMR time-
scale and significant upfield shift of the adamantane signals indicated
positioning of the adamantane cage inside the CB7 cavity. In addition,
the sequential binding of two CB7 to form the final 1/2@CB7- com-
plex was obsenved within a titration of guest solution with an excess
of CB7. No other binding modes were detected via NMR spectrometry
and the binding behaviors of the guests 1 and 2 with CB7 was essen-
tially the same.
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FIGURE4 The positive-ion ESI mass spectra of an agueous solution of 2@CB7 (A-D} and 1@CB7 (E-H}in a molar ratio of 1:1. (A, E} First-order
mass spectra, (B} M$° of m/z 854.5, (€} M5 of m/z 780.3, (D} MS® of m/z 1559.6, (F} MS? of m/z 804 4, (G} MS? of m/z 730.3, and (H} MS* of myz
654.2. The assignments for the observed signals are shown in brackets. The fragment ions in the tandem mass spectra are marked with black
downward-facing triangles [Color figure can be viewed at wileyonlinelibrary.com)
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As  has been adamantylated

bisimidazolium salts included inside the CB7 cavity displayed two dis-

described  previously,*  the

tinct initial fragmentations depending on their molecular structure.
The first fragmentation, hereafter referred to as a "149% fragmentation",
is related to the release of [Cq(H5]* to produce two singly charged
fragments. This behavior, which is likely driven by an electrostatic
repulsion, can be expected for dications and is characteristic of
strongly hindered molecules. The second pathway, hereafter referred
to as a "148 fragmentation', begins with the release of a neutral frag-
ment, C11Hy, (for supposed tetracydlic structure, see Scheme 2; for
related discussion, see section 3.2}, to vield a doubly charged residue.
This 148 fragmentation is typical for axle ligands with a negligible bar-
rier to slippage of the CB7 unit. Interestingly, the guest 1 [not hin-
dered} displayed two subsequent 148 fragmentations beginning with
M**@CB7, whereas the guest 2 (moderately hindered} displayed only
one 148 fragmentation and some altemate pathways. These differ-
-ences can be cleardy seen in Figure 4. It should be noted that a CB7
complexwith highly hindered guest, which was derived from the com-
pound 2 by substitution with a phenyl residue in the B position, did not
display any 148 fragmentation, as demonstrated previously.* The fact
that 148 fragmentation was not observed in the case of non-com-
plexed M2* justifies our supposition that this pathway is significantly

nm-ﬂh-il—l—7
- EachorhaRryY

WILEY- 2

supported by CB7. We considered two possible amangements of the
1@CB7 complex leading to the 148 fragmentation. In the first initial
geometry, the CB7 unit can be positioned in the middle of the guest,
i.e., with the central charged hisimidazolium part inside the CB7 cavity,
to assist in the two stepwise neutral 148 losses. However, theoretical
calculations on the stability of CB7 complexes with the two respective
residues formed by the first (R1} and the second [R2} 148 fragmenta-
tion indicated that this possibility is unlikely. For structures of R1 and
R2, see Figure $50 (supporting information). There are two important
findings against the positioning of the CB7 unit at the central part of
the guest 1. As can be seen in Figure $50 (supporting information},
the residue R2 is too short to allow effective interactions of both the
imidazolium units with two opposite CB7 portals. In addition, the posi-
tioning of R2 inside the CB7 cavity led to significant deformation of
the CB7 macrocycle. Due to these circumstances, the energy of an
extemal complex (for structure, see Figure S50A, supporting informa-
tion} was about 44 kl/mal lower than that of the inclusion complex
{Figure $50B, supporting information}. The second computed residue
R1 consists of the central bisimidazolivm unit and one terminal
adamantane site. Optimization of a complex of R1 with CB7 was
started from two initial arrangements with the CB7 unit at adamantane

or bisimidazolium site, respectively. Whereas the former amrangement
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FIGURE 5

Proposed fragmentation pathways for complexes of CB7 with 1 or 2. Distribution of D-labeling is denoted with small circles, squares,

and triangles to indicate the initial o, B, 2nd v positions, respectively. For structures of F1 and F2, see Scheme 4. [Color figuwre can be viewed at

wileyonlinelibrary.com]
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rapidly converged to energy minirurmn, the latter did not reach any rea-
sonable geometry within 500 iteration steps. Accordingly, we con-
cluded that the positioning of the CB7 unit at the central
bisimidazolium part is strongly non-preferred. Therefore, the com-
plexes 1@CB7 and R1@CB7 likely adopted a geometry with the
adamantane site occupied by the CB7 unit prior the 148 fragmentation.
On the other hand, we a2ssume that two different positions of the
adamantane cage inside the CB7 unit resulted in the 148 and 149 frag-
mentation, respectively. We can speculate that the adamantane cage
adopts an ‘ideal' position inside the CB7 cavity in the first geometry,
whereas the CB7 unit is shifted slightly towards the central part of
the axle in the second geometry. In the fonmer case, the 149 fragmen-
tation occurs to release the CB7 unit together with the AJCH,* frag-
ment {likely as an inclusion aggregate}. Thus, no further influence of
CB7 on the axle residue is possible. In contrast, there are two ways in
which the system can develop after the first 148 fragmentation. If the
CB7 unit can easily reach the opposite terminal Ad site, the second
148 fragmentation occurs to produce a doubly charged hisimidazolivm
residue (R2} complexed to CB7. Because the bisimidazoliurm dication is
too short to be efficiently stahilized inside the CB7 cavity by interac-
tions of both cationic rings with the opposite CB7 portals, we consid-
ered this aggregate to be an extemal complex. In addition to the
abovementioned computations, this hypothesis is supported by previ-
cus observation® of the bisimidazolium residue complexed with two
CB7 units when 12+@CB72 was subjected to CID (for the schematic

§ drawing, see Figure 5). In this case, the bisimidazolium residue was
likely linked to two CB7 units via ion-dipole interactions. Note that in
this case the slippage of the CB7 unit to the second guest terminal is
blocked by the second CBY macrocycle. Therefore, we infer that the
CB7 unit induces the 148 fragmentation staying at the adamantane site
from which the neutral 148 fragment is released.

If CB7 cannot freely move over the molecular axle, the first 148
fragmentation is followed by the release of protonated CB7. It should
be noted that any D-labeled target ion exclusively produced proton-
ated CB7. This observation implies the migration of an H-atom from
the Ad cage to the N-atom of the bisimidazoliur residue within the
148 fragmentation step, followed by the subsequent abstraction of
this proton by the CB7 unit with no participation of the H/D-atoms
at positions @, m, or .

The final fragmentation pathway of M?*.CB7 that resulted in
F1-CB7 was typical for hindered guest 2 (for the F1 structure, see
Scheme 24 Considering the further fregmentation of F1-CB7, we
infemred that the initial complex was likely amranged in an extemal man-
ner (the external binding is symbolized by " used instead of "@"}. In
the MS$? spectra, we observed signals of three product ions that can
be assigned to [CB7-H™ {m/z 1161), F2&CB7, and AJCH, " @CB7,
respectively (for the F2 structure, see Scheme 2; for the spectrum, see
Figure 4}, We supposed that F1-CB7 decomposes in two distinct man-
ners, as depicted in Figure 5. Note that the mechanism which leads to
the AACH,"@CE7 involves an exchange of the methylene bridges, as
implied by the D-lbeling distribution (see Figures $3% and $41,
supporting information}. Although this mechanism is not completely
clear, there is a significant difference from the cleavage of M**@CB7
into AdCH,"@CB7 and F1, in which no redistribution of D-atoms

was ohserved. This observation and the existence of two distinct

pathways leading to complexes between CB7 and fragments from
the opposite ends of the F1 ion support our hypothesis that the nature
of the aggregate F1-CB7 is different than that of M?**@CB7, i.e., the
aggregate is likely an extemal complex.

Finally, the second pathway of F1-CB7 fragmentation led to
F2@CB7, which can consequently decompose to produce neutral
1-methylbenzimidazole and the [CB7-H7|" cation. The last men-
tioned step has been previously supported by molecular modeling.*

4 | CONCLUSIONS

Some details of the fragmentation pathways of adamantylated
bisimidazolium salts have been clarified using 2 series of selectively
D-zbeled isotopologues. Two important fragmentation pathways
were studied by treating compounds 1 and 2 under CID conditions.
The first fragmentation comprises electrostatic repulsion-driven C-N
bond cleavage to produce [CyHy7]* (149 u, 149 fragmentation} and
a singly charged residue from the molecular dication. In contrast, the
neutral C1Hqg (148 v, 148 fragmentation} fragment is released from
M?* to produce a doubly positively charged residue within the second
distinct fragmentation. Upon comparison of the tandem mass spectra
of the non-labeled and selectively labeled cornpounds and the molecu-
lar modeling data, we suggest that the first fragment is likely the
homoadamantane-1-yl cation while the second fragment resulting

.1*8.0Mundecane.

from neutral loss is likely tetracyclof#.3.1

The most important result obtained from the CID analyses of CB7
complexes with guests 1 and 2 is the suggestion of two distinct
arrangements for CB7 at the terminal adamantane site. The existence
of these two modes can explain the behavior of moderately hindered
guests, such as compound 2. In the case of edge structures, i.e., non-
hindered compound 1 and the previously reported, strongly hindered
2-phenylbenzimidazolium analogue,* only the 148 and 149 fragmenta-
tions were observed, respectively. It should be noted that two 148 frag-
mentations and only cne 149 fragmentation were abvays observed for
these respective guasts. In contrast, the complexes of CB7 with moder-
ately hindered guests (e.g., 2} provide three independent fragmentation
pathways. The first and second observed pathways can be related to
the expected electrostatic repulsion, which produces [Cy4H 7" and
minor external complex decomposition, respectively. Observation of
the third (i.e., 148} pathway implies that there must be some binding
maode in which the CB7 unit is significantly shifted towards the central
part of the guest, thus resulting in the formation of the neutral Cy1Hq,
fragmentinstead of the 149 fragmentation. However, in this case, there
is no chance to reach the opposite terminal adamantane site (the sec-
ond 148 fragmentation was not ohserved). These important results
improve our understanding of how the hulky, almost round-shaped

adamantane can move inside the tight CB7 cavity.
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ABSTRACT: Imidazolium-based guests containing two distinct binding

epitopes are capable of binding f-cyclodextrin and cucurbit[6/7]uril (CB)
simultaneously to form heteroternary 1:1:1 inclusion complexes. In the final
configuration, the hosts occupy binding sites disfavored in the binary
complexes because of the chemically induced reorganization of the

intermediate 1:1 aggregate. In addition, the reported guests are capable of
binding two CBs to form either 1:2 or 1:1:1 ternary assemblies despite consisting of a single cationic moiety. Whereas the
adamantane site binds CB solely via hydrophobic interactions, the CB unit at the butyl site is stabilized by a combination of

hydrophobic and ion—dipole interactions.

B INTRODUCTION

Recently, biomimetic systems have been extensively examined
because they can serve either as model systems for more
complex interactions in biological chemistry or as components
for constructing molecular devices. In this regard, molecules
with multiple-binding epitopes play a very important role.
Considering that host—guest systems are the most frequently
employed approach, both hosts and guests can be designed to
contain multiple-binding motifs. However, augmenting the host
binding capacity is limited to either an enlargement of the
single-site host interior to bind more than one guest' or linking
two” or more’ cavity motifs via appropriate covalent bridges.
Although the latter approach led to impressive demonstrations
of macroscopic recognition based on host—guest interactions,”
all of the host sites in such a system are essentially independent.
In addition, the only host with cooperating cavities has been
reported by Isaacs and co-workers.” This intriguing member of
the cucurbituril family, ns-CB10, contains two distinct interior
binding sites within one large cavity and exhibits homotropic
allosterism because of its ability to accommodate its cavity
shape for the first bound guest. In contrast to the hosts, the
guest molecules can be designed to contain an essentially
unlimited number of binding sites,” and subsequent binding of
host molecules at adjacent positions can be influenced by host—
host attractive” or repulsives interactions or guest preorganiza-
tion.”

Among other hosts, cucurbit[n]urils'® (CBns) and cyclo-
dextrins'' (CDs) have attracted considerable attention within
the scientific community. Because the macrocycles of the most
prominent members of the cyclodextrin family (i.e, a-, f-, and

W ACS Pub[ications © 2016 American Chemical Society
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7-CD) consist of six, seven, and eight D-glucopyranose units,
respectively, linked via a(1—4) glycosidic bonds, they are fully
biocompatible and have consequently been used in several
applications over the past decades in the pharmaceutical and
food industries, cosmetics, and wrapping materials.'” Because of
the presence of nonpolar interior cavities and hydrophilic
hydroxylated rims, CDs bind neutral guests to form water-
soluble inclusion complexes with up to micromolar dissociation
constants."®  Cucurbit[n]urils are macrocyclic oligomers of
glycoluril units doubly linked by methylene bridges. They
were rediscovered for modern chemistry by Mock'* and Kim, "
who repeated the original procedure developed by Behrend'
to isolate CB6 and prepare higher homologues with n > 6.
These rigid molecules with a barrel-like hydrophobic cavity and
two symmetry-equivalent rims lined with carbonyl groups are
ideally structured to form inclusion complexes with nonpolar
cationic guests that are held together by hydrophobic and ion—
dipole interactions. In particular, dicationic guests derived from
ferrocene'” or the cage hydrocarbons adamantane,'® diaman-
tane,'” and bicyco[2.2.2]octane'® have been reported to form
ultrastable aggregates with CB7, having association constants of
up to 10" M7, which exceed the binding strength of the well-
known avidin—Dbiotin pair. This outstanding selectivity gave rise
to the design of novel thermodynamically or kinetically driven
self-sorting systems in which guests with multiple-binding
epitopes play a crucial role. The pH-responsive self-sorting
aggregation processes of complex mixtures consisting of CB
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and f-CD hosts and ditopic adamantyl(alkyl)ammonium guests
have been described by Issacs and co-workers.”® The same
group has reported an interesting dynamic behavior of a system
comprised of CB6, CB7, and trans-cyclohexane-1,4-diammo-
nium and adamantanealkyl ammonium guests. The former
guest and CB6 formed an extraordinarily stable assembly with a
half-life of 26 years, whereas the adamantane-based guests
displayed very high affinity for CB7.>' Subsequently, Kaifer and
co-workers have described an adamantane—ferrocene ditopic
guest that formed two distinct inclusion complexes with CB7
that evolved toward a thermodynamically preferred adaman-
tane-bound adduct within 10 h** In addition to the most
frequently used alkylammonium and pyridinium cations,
dialkylimidazolium salts have deservedly attracted the attention
of supramolecular chemists because of their catalytic capacity”
and biological activity”* and as a source of N-heterocyclic
carbene ligands.”

Employing multitopic guests, we describe various chemo-
responsive reorganizations as hosts that competed for different
binding sites. However, in the final complexes, the individual
preferences of the hosts determined which binding sites were
occupied. We were intrigued to examine whether small
synthetic guests consisting of two different binding epitopes
can overcome the individual preference of the first host by
offering a second site when the initial binary complex is
transformed into a heteroternary complex during the addition
of the second host. Therefore, we prepared a series of new
guests consisting of one adamantane-based binding site and one
butyl binding site and investigated their binding behaviors in
binary and ternary systems by means of NMR spectroscopy,
titration calorimetry, mass spectrometry, and molecular
modeling.

B RESULTS AND DISCUSSION

Synthesis of Guests 1—-7. The adamantylated imidazo-
lium/benzimidazolium salts 1—7 (Figure 1) were prepared via

o H% 6
NJ\NH o N80 1,.‘01\
v "B A@z 7
N__N I 3 "OH
Y n OH
[e]
CB7 (n=7)
CB6 (n=6) p-CD
o
NN\ -R
n \Q/N guest m R X
1 0 Me I
] 2 0 Bu Br
1-4 3 1 Me |
N © 4 1 Bu Br
N7 N-R 5 0 Me I
Q 6 0 Bu Br I, MsO
o) 7 1 Bu MsO
57

Figure 1. Structures of the guests and hosts used in this work.
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the two-step procedure shown in Scheme SI. Initially, the
corresponding adamantyl-bearing bromides reacted with
imidazole or benzimidazole under base conditions for N1
alkylation with typical yields of 45—95%. The final quaterniza-
tion was performed in neat alkyl halide or butyl mesylate.
Whereas oily products had to be purified by column
chromatography, solid salts were easily precipitated from the
reaction mixture with diethyl ether or THF, washed with plenty
of solvent, and used without further purification. The solid-state
structures of 217 and 2*MsO~ were determined via X-ray
diffraction analysis (see the Supporting Information for further
details). Because the prepared (benz)imidazolium salts were
rather hygroscopic, the samples for characterization and
binding studies were dried in vacaum at 50—60 °C to constant
weight and stored under an inert atmosphere.

Binary Systems with f-CD. Initially, we investigated the
binding behavior of guests 1—7 with CB6, CB7, and S-CD
using "H NMR spectroscopy. It is well established that the
guest protons inside the CB cavity are shielded (upfield shift),
whereas the protons located outside the cavity, close to its
portal, are deshielded (downfield shift)."™'* In contrast, the
interior of the B-CD cavity has, in general, only a weak
deshielding effect on the atoms of the encapsulated guest, as
has been demonstrated for various adamantane guests.*>>%*°
Accordingly, NMR spectroscopy is very useful tool for
determining the predominant binding site of the host—guest
interaction. All of the examined guest/f-CD systems followed
the fast-exchange regime on the NMR time scale (at defined
conditions), and thus, only a single set of signals was observed
for each titration. The maximal complexation-induced down-
field shift of approximately 0.22 ppm for adamantane
bridgehead H atoms, which was observed for all of the
examined guests (1—7), unambiguously implies that S-CD
binds the adamantane moiety to form an inclusion complex.
The 1:1 stoichiometry of these complexes was estimated by 'H
NMR titrations, as shown for guests 1, 2, and 4 in Figure S36.
Additional evidence indicating the inclusion of the adamantane
moiety in the CD cavity was obtained using two-dimensional
(2D) ROESY experiments. We clearly observed interactions
between the H atoms of the adamantane scaffold and the inner
cyclodextrin H atoms at positions 3 and 5. An example of such
interactions observed in the ROESY spectrum of a 1:1 mixture
of guest 2 with $-CD is given in Figure S36. The formation of
1:1 complexes was further evidenced by isothermal titration
calorimetry (ITC). In addition, the values of the obtained
binding constants on the order of 10°—~10° M™" (see Table 1,
entries 1—8) are typical for cyclodextrin inclusion aggregates
with adamantane-based guests in aqueous solutions.> Note
that the binding strength is essentially unaffected by the
replacement of imidazolium with the much more sterically
hindered benzimidazolium. This #-CD binding versatility with
averaged Kiia/Kyimiq values of 1.05 strongly contrasts with the
results obtained for CB7, which is 1000 times more selective
(see below). Considering the similar cavity dimensions of CB7
and fB-CD, we attribute the binding properties of f-CD to its
greater flexibility, which permits ample space for both cationic
structural motifs. In addition, f-CD displayed appreciably
higher affinities for guests 4 and 7, in which the methylene
bridge between the adamantane cage and the heterocyclic
cation was replaced with the longer carbonylbenzyl moiety.

Binary Systems with CB6 and CB7. Contrary to -CD,
CB6 and CB7 bind guests 1—7 in the slow-exchange regime,
and two sets of "H NMR signals corresponding to free and
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Table 1. Stoichiometry Parameters (n), Association Constants {K,), and Standard Gibbs Energies {AG°) Determined for Binary

Systems by ITC Experiments at 303 K

entry guest host i

1 2B fiXwnks 102 + 003

2 B fiXeinkd 1.03 + 002

3 HBe™ p-cn® 0.98 + 003

1 FBr~ fcp* 1.00 + 0.01

H ' f-cD 1.00 + 0.03

8 6B~ p-cD* 0.89 + 0.03

7 MO~ fiXenks 0.8% + 0.03

8 T ilanks 1.00 + 0.02

9 2B~ CB7%° 1.01 + 0.03

10 1B CB7 1.02 + 004

11 4B~ B 073 + 002, 134 + 0.04
12 +Br CcB7 064 + 001, 070 + 001
13 ' CB7*° 1.00 + 0.01

14 3T iz 1.04 + 003

15 6Bt CR7* 1.02 + 003

16 MO B 0.6 + 003 131 + 002
17 5T CB7%¢ 0.99 + 0.03

13 LB CR&" 10§ + 001

1% 4B CR&" 0.55 + 004

20 6Bt ol 0.97 + 003

21 T CR&" 0.5% + 0.03

& (M) —AG® {K] mol™)
{449 + 0.07) x 10° 26.99 + 0.42
{4.03 + 0.08) x 10° 2671 = 0.33
{4.60 + 0.05) x 10° 3285 x 036
(414 + 0.09) x 10 32.58 = 071
{6.07 + 0.08) x 10 2775 £ 037
(380 = 0.07) x 10 26.57 £ 049
(538 = 0.09) x 105 3324 + 056
(543 = 0.10) = 10¢ 2746 = 051
{408 + 0.12) x 109 67.35 + 1.98
(3.14 = 020) x 10™ 60.89 + 3.84

(227 = 0.06) = 107, {897 + 0.11) = 10°
{2.03 + 0.12) x 107, {3.93 + 0.07) = 10°

4847 £ 138, 3453 £ 042
4615 + 0.51, 3245 + 0.58

(3.68 + 021) x 10™ 7289 + 412
(2.82 = 0.11) x 10° 4590 + 2.07
(7.15 = 0.39) = 10° 5136 = 277
{1.50 + 0.03) x 105, {228 + 0.03) x 10° 4757 £ 0.90, 3108 + 041
(297 £ 0.15) x 16 54.95 + 2.83
{299 + 0.08) x 10° 3176 + 0.53
{143 + 0.03) x 10° 3570 + 075
(418 + 0.07) x 10° 26.81 = 045
(243 £ 0.08) x 10° 3124 + 0.64

“Performed in water. “Performed in a 2.5 mM NaCl aquecus solution. “1,6-Hexanediamine-2HC] competitor. dDoparnine-HCl competitor. “L-

Phenylalanine competitor. Titrations performed in triplicate.

complexed ?uests were observed. Because of the different cavity
diameters,”> CB7 can form a complex with both of the
adamantyl and butyl moleties, whereas the binding of CB#& is
limited to the linear butyl chain. These assumptions are
consistent with owr observations. The addition of CB7 to a
solution of guest 1 or 5, which possesses only zn adamantane
binding site, led to a significant shielding of the adamantane
protons. This result indicates the formation of 1/5@CB7M
aggregates, as shown for 1 in Figure S38. (For the sake of
clarity, the specific host position will be hereafter indicated by &
superscripted “Ad” or “Bu” for the adamantyl or butyl binding
site, respectively.) In contrast, we did not observe any
complexation-induced NMR shift (CIS) during the titrations
of guests 1 and § with CB6 in a $0 mM NaCl aqueous solution.
The structures of guests 2 and 6 consist of two different butyl
and adamanty] binding sites accessible to CB7. However, we
observed shielding of only the adamantane protons (see Table
§2). This suggests that CB7 predominantly binds adamantane
inside its cavity with the butyl chain protruding outward toward
the external environment. Because CB6 has z cavity that is
narrower than that of CB7 and cannet confine the bulky
adamantane, the inverse geometries for the 2/6-CB8& assemblies
with the butyl residue included inside the CB& cavity were
indicated by the strong shielding of the butyl protons (see
Figure 539).

Subsequently, we examined the complexation of guests 1, 2,
3, and 6 with CB§ and CE7 in terms of titration calorimetry to
support z 1:1 stoichiometry. The ITC results zre summarized in
Table 1 (entries 9—21). We observed a surprisingly large
number of variations in the binding strengths of imidazolium
and benzimidazolium salts with CB7. In contrast, complexes
formed between these guests and #-CD (see above) or CBé
display similar stabilities. For instance, the association constant
for 2@CB7* is S70 times higher than that for 6@CB7,
whereas 2@CB6™ has a K, value that is only 7 times higher
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than that of 6@CB6™. (For further details, compare entries 9
and 15 and entries 18 and 20, respectively, in Table 1.) A
similar disfavoring of the benzimidazolium cation was observed
for 1@CE7* and $@CB7Y (Table 1, entries 13 and 17,
respectively). Considering these observations, we attribute the
differences in binding strengths to the inability of the rigild CB7
portal to accommodate the benzimidazolium cation efficiently
because the bulky adamantene cage hinders guest shifting along
the virtual c-symmetry axis of CB7. Note that distinct binding
modes were reported for the imidazolium salts substituted with
linear alkyl chains with different lengths, with the aromatic
cationic moiety more or less buried in the CB6 cavity.”” In
contrast to this flexible binding model, it s reasonable to expect
that the movement of the guest along the ¢, axs Is significantly
restricted with increased bulkiness.

Noteworthy results were obtained with the longer
imidezolium salts 4 and 7. In an equimolar mixiure of the
respective guest and CB7, strong shielding of the adamantyl
protons corresponding to the complexation of the adamantane
cage Inside the CB7 cavity was accompanied by wezk but clear
shielding of the butyl protons, as depicted in Figure $40. The
observed CISs are summarized in Table S2. There can be two
reasonable explanations for this observation. As discussed
below in more detzl, one molecule of guest 4 or 7 can
simultaneously bind two molecules of CB7 at the adamantane
and butyl binding sites. Thus, in an equimolar mixture, two
distinet 1:1 complexes (ie, $4@CB7% or 7@CB7%) are
present in a fast equilibrium, which results in a time-averaged
'H NMR spectrum. The second explanation is that the guest
binds CB7 selectively at the adamantane site and the free
portion of the long molecule is folded outside the cavity to an
external shielding region. We strongly favor the latter
hypothesis considering that 4@CB7* is ap}?roximately 14 k]
mol™! lower in energy than 4@CB7°" and strongly
predominates in an equillbrium mixture at 30 °C (Table 1,

D2 101021 /a0 joc 5bO0T 564
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entry 11). In addition, very similar CISs were observed for the
guest 4/CB6 mixture. In this instance, the strong shielding of
all of the butyl protons indicates that the butyl chain is inside
the CB6 cavity. The small shielding of the adamantane protons
can be attributed to the folding of the Ad cage back to the
macrocycle exterior because the adamantane moiety is too
bulky to fit inside CB6.

To further clarify this situation, we calculated the spatial
distribution of isotropic magnetic shielding using a nucleus-
independent chemical shielding (NICS) approach®® around
CBn using the methodology described in the Supporting
Information. The slices through the volumetric NICS data
computed for CB6 and CB7 (see Figure $S86) clearly show that,
apart from the expected strong shielding inside the cavity, there
is also a weakly shielded region located outside the macrocycle
between the carbonyl portal and the equatorial plane. Thus, any
part of guest 4 located in this region will experience a weak
(0.1-0.2 ppm) shielding at its atomic nuclei, which supports
the hypothesis regarding back folding of guest 4 onto the
exterior of CB. This bent back folding of guest 4 in complex
with CB7 was further supported by molecular dynamics (MD)
simulations. Figure 2 shows the superposition of snapshots

Figure 2. Overlap of guest (A) 2 and (B) 4 conformers complexed
with CB7 every 1 ns from the last 900 ns of molecular dynamics
simulations. Only one structure of CB7 is shown for the sake of clarity.
The adamantane moiety of 2 and 4 is located inside the CB7 cavity.

from MD simulations for complexes of guests 2 and 4 with
CB7. Clearly, the longer and more flexible chain of 4 can reach
the external shielding region. Representative conformers of 4
and 2 superimposed with a SIMS slice for CB7 are shown in
Figure $94. Additionally, the slight increase in the respective
affinities of CB6 for 4 and 7 compared to those for 2 and 6
(Table 1, entries 18 and 19 and entries 20 and 21, respectively)
may be attributed to the nonspecific interaction of the folded
guest molecule with the CB6 exterior. However, a significant
shielding of the butyl protons in the mixture of 4 and CB7 was
observed as the fraction of CB7 exceeded the 1:1 ratio. The
assumption that this shielding can be attributed to the
formation of a 1:2 aggregate of 4@(CB79,CB7™) was
supported by ITC measurements in which two slopes could
be clearly distinguished, indicating the presence of two distinct
binding sites with respective association constants on the order
of 10° and 10° M™' (see Table 1, entry 11, and Figure 3).
Combining the NMR and ITC results, we attributed the
stronger binding event to the complexation of the adamantane
site and the weaker binding event to the encapsulation of the
butyl chain because the latter association constant is in good
agreement with that published for 1-butyl-3-methylimidazolium
with CB7.” The contribution of other binding modes (e.g,
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Figure 3. ITC of the complexation of 4"Br~ with CB7 in water at 303
K. Curve fitting was performed using the two sets of sites model.

with a phenyl ring positioned inside the CB7 cavity) was
excluded by using model guest 3, which clearly displayed the
formation of a 1:1 complex of 3@CB7%! (Table 1, entry 14). In
clear contrast to the 1/§ and 2/6 pairs of guests with CB7, the
binding strength at the adamantane site in the 4/7 pair is not
influenced by the chemical nature of the cation (see Table 1,
entries 11 and 16). In addition, the corresponding association
constants match those reported by Isaacs and co-workers for
noncharged adamantane-based guests.’® Thus, we may
conclude that the jon—dipole interaction does not contribute
significantly to the binding of CB7 to the adamantane site of 4.
This observation is crucial for the ability of guests 4 and 7 to
simultaneously bind two cucurbituril macrocycles. To the best
of our knowledge, these homoternary 4/7@(CB7%,CB7™)
and heteroternary 4/7@(CB7"¢,CB6™) aggregates are the first
well-documented complexes with two CB units compactly
arranged around a single cationic moiety.

All of the discussed binary aggregates were detected using
ESI-MS techniques with the exception of 6@CB6. The ESI-MS
spectra are given in Figures S71—585.

Ternary Systems of 2 and 4 with -CD, CB7, and CB6.
In the next step, we examined the guest’s ability to form ternary
systems with two different macrocycles using representative
guests 2 and 4. To examine the binding ability of 2, a mixture
containing 2 and CB6 in a 1:1 molar ratio in S0 mM NaCl in
D,0 was initially taken and examined by means of "H NMR
titration. In this solution, the predominant arrangement is the
2@CB6" inclusion complex as discussed above, the formation
of which is evident in Figure 4 (lines 1—3). In addition, lines
4—6 in Figure 4 show that the stepwise addition of a f-CD
stock solution in 50 mM NaCl has a marginal effect on the
positions of the butyl signals, whereas the protons of the
adamantane cage experience a significant deshielding. These
observations are consistent with the formation of the ternary

DOI: 10.1021/acs joc.6b01564
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Figure 4. "H NMR spectra (700 MHz, 50 mM NaCl in D,0, 303 K)
of mixtures of 2 with CB7, #-CD, and/or CB6. The molar ratios of the
mixture components are given above each line. The signal assignment
is based on 2D NMR spectra.

assembly 2@(CB6B“,ﬂ-CDAd) , whose geometry is schematically
drawn in Figure 4.

In such a compact arrangement, the steric repulsion between
the proximate CD and CB units could decrease the stability of
the complex. Nevertheless, as we demonstrated using ITC, the
ternary complex can be further stabilized by the formation of
transient O—H---O hydrogen bonds between the OH groups of
-CD and the carbonyl oxygen atoms located on the CB portal.
This additional stabilization energy, which amounts to —3.12 kJ
mol™}, can be calculated as the difference between the Gibbs
energy obtained for the formation of 2@B-CD*? and that for
2@(f-CDM,CB6™) (see Table 1, entry 1, and Table 2, entry
1). During an independent titration of a 2@CB6™ solution
with CB7, we observed a substantial shift of both the
adamantane and butyl resonances. Whereas the H atoms of
the adamantane cage were significantly shielded, the butyl
protons were deshielded (Figure 4, lines 7 and 8). Because
there is a lack of any attractive force between the two CB units
due to a strong electrostatic repulsion between the two portals
and as the binding strength of CB7 at the adamantane site is
much higher than that for CB6 at the butyl site (Kcg;/Keps =
1.05 X 10°%), we may conclude that CB6®™ was displaced from
its initial position by CB7Y Subsequently, we titrated an

equimolar mixture of 2 and CB7 (2@CB7"¢ predominates in
this solution) with -CD. We observed significant deshielding
of the imidazole H2 and H4 protons, AdCH,, and
NCH,CH,Et, whereas the imidazole HS protons and N-
(CH,),Et were shielded (see Table S2). This observation can
be rationalized by the formation of the ternary aggregate
2@(CB749,5-CD™). The association constant for this process
(K, = 3.1 X 10° M™") was calculated via NMR titration (see
Figure S43). We were not able to determine the association
constant using ITC because of poor quality data, even after
employing the highest available concentrations. In summary,
guest 2 is capable of forming ternary aggregates with one CB
and one f-CD unit, whereas a ternary complex consisting of
two CB units was not observed.

An examination of ternary systems with guest 4 began with
an equimolar solution of 4 and CB7 in which complex 4@
CB74 predominated (shielding effect in Figure S, lines 1—3).

@TQA
, et

composition a+
4:CB6:CBT:p-CD

1:1:1:0

T T T T
22 20 18 16 14 12 10 08 06 04 02 00

3 [ppm]

Figure 5. '"H NMR spectra (700 MHz, S0 mM NaCl in D,0, 303 K)
of mixtures of guest 4 with CB7, #-CD, and/or CB6. The molar ratios
of the mixture components are given above each line. The signal
assignment is based on 2D NMR spectra.

Subsequent addition of CB6 led to a significant shielding of the
butyl protons, whereas the positions of the adamantane NMR
resonances remained essentially unaffected (Figure S, lines 7
and 8). Total strong shielding of both the adamantane and
butyl protons indicates the formation of the heteroternary
complex 4@(CB79,CB6™). As was discussed in the previous
section, the binding of CB7 at the adamantane site is driven

Table 2. Stoichiometry Parameters (n), Experimental Association Constants (K®?), and Standard Gibbs Energies (AG°)
Determined for Stepwise Complexation Reactions by ITC Experiments at 303.15 K

entry guest host n K= (M) —AG (k] mol™?) AAG® (K] mol™?)
1 2@CB6 p-CD? 0.99 + 0.02 (1.39 + 0.06) x 10° 29.83 + 0.64 —3.12 + 0.72
2 4@CB6 p-CD" 1.03 + 0.02 (795 + 0.05) X 10° 3423 + 047 —1.65 + 0.85
3 4@CB7 p-CD° 1.04 + 0.03 (3.10 + 0.03) x 10* 26.05 + 0.50 —7.17 + 0.87
4 4@CB7 CB6” 1.03 + 0.02 (466 + 0.07) X 10° 32.88 + 0.64 2.82 + 0.95

“AAG® values were calculated as the difference between the AG® of the complexed guest titration and the AG® of the corresponding binary
titrations. ®Performed in a 2.5 mM NaCl aqueous solution. “Performed in 2.5 mM NaCl in D,O. The 1:1 4:CB7 ratio was verified before titration

using '"H NMR. Titrations were performed in triplicate.
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primarily by hydrophobic interactions, leaving the butylimida-
zolium site free for an ion—dipole interaction with CB6.
Considering the gains in energy for the formation of 4@CB6"™
and 4@(CB7Ad,CB6B“) (Table 1, entry 19, and Table 2, entry
4), the free energy of such a ternary complex is approximately 3
kJ mol™" higher than the value expected for a system consisting
of two independent sites. This energy difference can probably
be attributed to the electrostatic repulsion between the CB7
and CB6 portals. Finally, during the titration of the 4@CB7*
complex with f-CD, we observed a significant deshielding of
the adamantane protons coupled with a simultaneous NMR
shielding of the butyl chain atoms (Figure S, lines 4—6). This
observation can be rationalized in the following terms. As
mentioned above, CB7 can bind both the butyl and adamantyl
moieties of 4. However, in the 1:1 mixture in a 50 mM NaCl
solution at 30 °C, 4@CB7%¢ greatly predominates (for the
corresponding AG, see entry 12 of Table 1). f-Cyclodextrin
can also encapsulate both the adamantane cage and the butyl
chain of 4 in a manner similar to that of CB7. Using titration
calorimetry, we have determined the binding constant for 4 and
S-CD to be 4.14 X 10° M" in a 2.5 mM NaCl aqueous solution
(Table 1, entry 4). The combined ITC and NMR data clearly
indicate a strong preference for a 4@pB-CD™ complex.
Although it is reasonable to suppose weak binding of #-CD
at the Bu site of 4, we can exclude such a system from further
discussion because the corresponding binding constant is
substantially lower than that for the Ad site. Thus, both 4-CD
and CB7 compete for the adamantane binding site with
individual binding constants of 4.14 X 10% and 9.03 X 10" M7},
respectively. Notably, the NMR data indicated the expulsion of
CB7 from its preferred position at the adamantane site. It is
clear that the displacement of CB7 into the bulk solution is
unlikely because such an event is penalized thermodynamically
by ~16 kJ mol™". However, CB7 can encapsulate the less
preferred butyl chain with an approximate 35 kJ mol™" gain in
free energy. If this additional energy gain is considered, the
overall process leading to the formation of the predominant
4@(p-CDM CB7™) aggregate is thermodynamically favored
with a theoretical net free energy gain of ~19 kJ mol™". Note
that the experimental value of the overall energy gain obtained
from the direct titration of 4@CB72¢ with f-CD (Table 2,
entry 3) is larger by approximately 7 kJ mol™". We can attribute
this additional stabilization of the ternary complex to the
attractive interactions between the CB7 and f-CD rims via
direct or water-mediated O—H:---O hydrogen bonds.

Still, a final question concerning the possible formation
mechanism of 4@(B-CD*,CB7™) remains. In the following,
we discuss the two alternative pathways that begin with the 4@
CB7* complex as depicted in Figure 6. The first pathway
involves the dissociation of 4@CB7* into free CB7 and guest 4
followed by the sequential binding of $-CD and CB7 at the
adamantane and butyl sites, respectively. The particular order of
these two binding events should be of little importance because
of the very similar relative free energies of formation of 4@
CB7™ and 4@p-CD™. The key step of the second pathway
consists of the displacement of CB7 over the guest molecule
toward the nonpreferred butyl site, which is accompanied by
the binding of #-CD at the adamantane site. Given the energy
difference between the C and B states, the A — C pathway is
strongly disfavored because the concentration of C is much
lower than that of B. According to the Boltzmann distribution,
the equilibrium population is more than 99.9999% of B at the
expense of C considering only these two species. From a kinetic
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Figure 6. Possible pathways for the formation of the ternary complex
4@(CB7™ f-CD*). The relative free energies associated with the
individual binding events were obtained from ITC experiments (2.5
mM NaCl solution, 303 K).

point of view, the most important energetic barrier is associated
with the displacement of the adamantane cage through the CB7
portal. Nevertheless, both pathways result in CB7 surrendering
the adamantane binding site by either leaving and entering the
bulk solution or sliding toward the butyl binding site. Thus, we
may conclude that the only significant difference between the A
— C—= D = E and A = B — E pathways lies in the energetic
barrier arising from the steric hindrance associated with
shuttling CB7 over the guest molecule. With regard to this,
we have demonstrated previously that such movement of CB7
along guest molecules bearing similar adamantylated bisimida-
zolium-based structures is possible in the gas phase, even when
the cationic moiety is derived from the more sterically hindered
benzimidazolium core.”"

Moreover, we have prepared separately adamantane-termi-
nated dumbbell-like guests based on imidazolium salts bearing
an additional central binding site for -CD. When both of the
terminal adamantane sites were occupied by CB7, the central
site became inaccessible to $-CD.** This suggests that the
replacement of CB7 at the adamantane site with -CD is very
unlikely. In addition, we employed MD simulations to
demonstrate that the shuttling of CB7 between the adamantane
and butyl sites of 4 is feasible. Initially, we positioned the CB7
unit at the butyl site and let the system develop. CB7 remained
at the butyl site for 450 ns before moving to the middle phenyl
site for the next 50 ns. Finally, CB7 shifted to the Ad until the
end of the simulation (i.e., S00 ns). It is not surprising that only
the shifting of the CB7 unit from the weaker to stronger
binding site, if any, is observed within the MD simulation.
However, it is reasonable to expect that the movement of CB7
is reversible. An analysis of the MD simulation can be seen in
Figure S89. On this basis, we infer that the formation of
4@(CB7" -CDM) from 4@CB7"! and f-CD can result from
a chemically induced reorganization of the starting complex
(ie, A > B — E) rather than a sequence of binding and
dissociation events (ie, A - C = D/B — E). In addition to
these two pathways, participation of other species that are
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present in small portions in the real complex mixture should be
taken into account (Le., free 4, 4@CB7T™, and 4@CB7,).
Finally, the formation of the discussed ternary assemblies was
confirmed in aqueous solutions using ESI-MS techniques (for
comments and spectra, see the Supporting Information).

B CONCLUSIONS

‘We synthesized four members of 2 new guest family (2, 4, 6,
and 7) with structures that combine the advantages of the
adamantane cage and the imidazolium moiety. The supra-
molecular affinity for CB6, CBE7, and f-CD has been
investigated with the aid of additional model guests 1, 3, and
5. The combination of calorimetric titrations and ‘H NMR
spectroscopy has revealed that, in aqueous solution, both §-CD
and CB7 occupy predominantly the adamantane binding sites,
with association constants within the ranges of 3.8 X 10* to 5.4
¥ 10° M and 1.6 X 10% to 3.7 X 10%2 ML respectively.
However, CBS was shown to bind the butyl site, with K, values
within the range of 4.2 X 10° to 14 X 10° M™% In strong
contrast to those of CB&™ and f-CI¥, the binding strength of
CB7* was significantly reduced upon replacement of the
imidazolium ring in guests 1, 2, §, and 6 (ie, guests that
contzin the l-adamantylmethyl moiety) with the benzimidazo-
lium core. These differences can be attributed to both the
inability of CB to accommodate the bulkier benzimidazolium
molety compared to f-CD and the requirement for a fixed
position of the adamantane cage inside the CB7 cavity, which
contrasts with the requirement for the butyl residue inside the
CBé& cavity. The complete lack of CB7 selectivity toward guests
4 and 7 implies that the binding of the adamantyl group inside
the CB7 cavity Is driven predominantly by hydrophobic
interactions, whereas the contribution of ion—dipole inter-
actions between the imidazolium cation and the CB7 portal
plays 2 marginal role, if any. Thus, the combination of mostly
hydrophobic binding at the adamantane site with the
electrostatically driven binding of the butyl chain in guests 4
and 7 allowed us to prepare compact arrangements consisting
of two cucurbituril units swrrounding z single imidazolium
cation. Although complexes 4/7@(CB74,CB7%Y) and
4@(CB74,CB6™) were evidenced using [TC and NMR
experiments, the calorimetric titrations demonstrated that
such systems are destabilized by approximately 3 kJ mol™’
with respect to the individual binary complexes, most likely
because of electrostatic repulsion between the CB portals. To
the best of our knowledge, these results represent the first
quantification of repulsion strength between two CB units,
which contributes negatively to the overall stability of ternary
complexes featuring these macrocycles. In additiorn, we were
able to determine additional energetic stzbilizations of =3.1 &
0.72, —1.7 * 0.85, and —7.2 + 0.87 kJ mol™* for complexes
2@(p-CDA,CB6%), 4@ (A-CD,CB6®), and 4@(p-
CDA8,CR7EY), respectively. The overall strength of the
proposed portal—portal direct or water-mediated O=H--O
hydrogen bonds is comparable to that reported by Rekharsky
and co-workers™ for CB6 and a/f-CD complexed with the
dihexylammeonium cation. The wvalues of the respective
stabilization energies confirm our assumptions based on the
host and guest geometries. Thus, guest 2, which possesses a2
distance between the binding sites that is shorter than that of
guest 4, allows for stronger interactions between S-CD and
CB6. In addition, CB7, which has a portal wider than that of
CB#&, was shown to be more suitzble for interaction with £-CD
than with CB6 in temary complexes with 4.
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The most interesting result of this work is the clear
demonstration of the thermodynamically driven formation of
the ternary aggregate 4@(f-CD*4CB™") that features CB7
bound to an otherwise strongly disfavored butyl chain (Ka/ K,
=229.8 in a 2.5 mM NaCl aqueous solution). In addition, the
formation of 4@(B-CD*,CB7) from 4@CB7* involves a
displacement of CB7* by f-CD), which has an affinity for the
adamantane site much lower than that of CB7 (Kcg:/Kpep =
218.1 for the Ad site in a 2.5 mM NaCl aqueous solution).
However, the energy loss related to such z displacement is
compensated by the subsequent binding of CB7 to the butyl
chain, which leads to an overall energetic gain of —26 kJ mol™!
and makes the formation of the ternary complex thermody-
namically feasible. Thus, we have demonstrated that the
binding behavior of multitopic guests In complex mixtures is
driven by the overall energetic effect and does not always
conform to the initial expectations based on knowledge of the
individual binary systems. While this concept is commeonly
found in biological systems and complements the work of Ding
et al*® describing self-sorting of CB8, f-CD, and the 16
dihydroxynaphthalene-adamantylated viologen CT complex,
herein we have presented the first example of such behavior
in assemblies formed by Jow-molecular weight synthetic guests
with f-CD and CB7.

B EXPERIMENTAL SECTION

General Methods. Guests 1-7 were prepared according to a
previously published method ** Preparaticn of compounds § and 10
has been described previcm.sly.31 Hosts CBo, CB7, and §-CD were
purchased from commercial sources. #-CD was dried prior to we
under reduced pressure at 50 °C to a constant weight. The
concentrations of the CB7 solutions were determined by ITC with
L-Phe as the standard. NMR spectra were recorded on a 700 MHz
instrament equipped with a reom-temperature (I'H, D, I'sN) inverse
triple-rescnance probe. One-dimensicnal (1D} proton spectra were
recerded at 303 K wing a 7.0 kHz spectral width and a 3.3 kHz
transmitter offset. Data were collected in §—32 scans wsing a 1.5 s
recycle delay, and 16k complex points were recorded per scan. The
FIDs were apodized by a square cosine window function, zero filled to
32k complex points, and Fourier transformed to yield the resulting
spectra. The 2D ROESY spectra were recorded wsing a spectral width
of 7.0 kHz and a transmitter offset of 3.3 kHz in both dimensions and
employing 150—400 ms continuous wave spinlock during the mixing
period. A total of 2k complex points were collected in the t2
dimensicn and a total of 512 t] inaements were recorded using 16—
32 scans per increment and 1.5 s recycle delay. The raw data were
apodized by a sguared cosine window function, zere filled to 4096 t2
and 2048 t1 peints and Fourier transformed to yield the resulting 2D
spectra. The residval HDO signal in both the 1D and 2D ROESY
experiments was suppressed by employing presaturation during the
recycde delay. No time-dependent changes in signal intensities were
observed when 'H NMR titration experiments were performed. The
association constants and thermodynamic parameters for the complex-
ation of guests 17 with CE7, CE8, and/or #-CD were determined by
ITC. A solution of the host in water or in 2.5 mM NaCl was placed in
the sample cell, to which a solution of the guest was added in a series
of 20—30 injections (10 4L}. The concentrations of the CB6, CB7,
and #-CD solutions were determined via ITC using 1,6-hexanedi-
amine-2HC] and 1-adamantaneamine-HCL For the ternary systems, a
solution of an equimelar mixture of the guest and host in the sample
cell was titrated with a solution of the second host. The heat evolved
was recorded at 303 K. The net heat effect was obtzined by subtracting
the heat of guest dilution from the overall observed heat effect. The

association constants exceeding 107 M ! were determined the
multistep competition method as described by Rekharsky et a'™ 1,6
Hexanediamine-2HC] with a K,(H,0) of 2.05 X 10° M "and a K (2.5

mM NaCl} of 2.97 X 10° M !, dopamine HCl with a K,(H,0) of 4.58
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% 10° M %, and 1-phenylaanine with a K (H,0) of 2.86 X 10° M *
and a K,(2.5 mM NaCl} of 3.00 X 10° M ' were used as the
competitors. The complexation enthalpies for the multistep titration
experiments were calculated as a sum of enthalpies for each
compleration step. The values of K obtained from competitive
titrations were verified using different concentrations of competitors.
The typical ITC thermegrams are shown in Figure 3 and in Figures
548570,

General Procedure for Preparation of 1-7 Bromides and lodides.
Imidazole 8 or 9 or benzoimidazole 10 or 11 (1 equiv, see the
Supperting Information for structures) was dissolved in the
corregponding haloalkane (60 equiv) under an inert atmosphere.
The mixture was refluxed until the starting material was consumed.
After residual halealkane had been removed under reduced pressure,
the crude product was washed several times with diethyl ether. Solid
products were used without further purification after being dried in
vacup. Qily products were purified by successive column chromateg-
raphy using silica gel and 1:1 (v/v) petroleum ether/AcOEt and 1:1
(v/v) CHCl,/MeCH solvents.

General Procedure for Preparation of 6 and 7 Mesylates.
Benzoimidazole 9 or 10 (1 equiv) was disselved in dry toluene (2
equiv), and butyl mesylate (2—3 equiv) was added at room
temperature. The mixture was refluzed and monitored by TLC.
When no further progress was observed, the toluene was removed in
vacud, and the resulting shury was washed several times with diethyl
ether. Products were purified as mentioned above.

1-(1-Adamantyimetind)-3-methylimidazofium lodide {171 ). The
iodide of 1* was isolated as pale yellow crystalline powder (131 mg,
87% yield) using 90 mg (0.42 mmdl} of 8. Mp: 123127 °C. Anal.
Caled for CrH,,IN; (358.26): C, 50.29; H, 6.47; N, 7.82. Found: C,
4993; H, 6.52; N, 8.03. "H NMR. (300 MHz, CDCL}: 6 1.51 (s, 6H),
1.55—1.70 (m, 6H), 2.00 (s, 3H), 4.00 (s, 2H), 4.14 (s, 3H}, 7.30 (s,
1H}, 7.62 (s, 1H}, 9.90 (s, 1H}. “C{*H} NMR (75 MHz, CDCL}): 4
27.9, 34.1, 364, 37.3, 398 616, 1234, 1239, 137.5. IR (KBr):
3483 (m), 3398(m), 3138(w), 3074{m}), 2900(s), 2848(s), 2677 (w),
2657(w), 1618(w}, 1562(m), 1452(m}, 1425(w), 1342(w}, 1209(w),
1169(s), 1136(w), 1107(w}, 833(m), 810(m), 781(w), 752(m),
719(w), 665(m), 621(m) em . ESI-MS: w/z 231.1 [M]* (100%).

1-(1-Adamantylmethyl)-3-butylimidazofium Bromide (278r ).
The bromide of 2* was isolated as tan highly viscous cil (238 mg
79% yield) wusing 186 mg (0.86 mmol} of 8. Anal. Caled for
C1gHaBrN; (35334): C, 61.19; H, 827, N, 7.93. Found: C, 61.36; H,
8.22; N, 8.21. 'H NMR (300 MHz, CDCL): 8 0.94 (t, ] = 7.2 Hz, 3H),
1.37 (m, 2H), 1.50 (s, 6H), 1.62 (m, 6H), 1.91 (m, 2H), 1.99 (s, 3H),
4.02 (s, 2H), 439 (t, ] = 73 Hz, 2H), 7.27 (s, 1H}, 7.52 (s, 1H}, 1026
(s, 1H). PC{*H} NMR (75 MHz, CDCL,}: & 137, 197, 280, 32.4,
342, 36.5, 400, 50.2, 61.7, 1219, 124.1, 137.1. IR (KBr): 3464(s),
3410(s), 3132(w), 3059(w), 2958(w), 2903(s), 2848 (m), 2677 (w),
2658(w), 1633(w), 1561(m), 1453(m}, 1370(w), 1316(w), 1162(s),
1135(w}, 1106(w), 773(w), 755(w), TL7(w}, 665(w} cm . ESL-MS:
m/z 625.3 [2-M* + PBr 1* (8%), 2733 [M]* (100%).

1-{4-{1-Adamantylcarbanylibenzyl]-3-methylimidazolium lodide
(3" ). The iodide of 3" was isolated as pale yellow crystalline powder
(196 mg, 83% yield} using 164 mg (0.51 mmol} of 9. Mp: 162—167
°C. Anal. Caled for C,,H,IN,O (46237): C, 57.15; H, 5.89; N, 6.06.
Found: C, §7.0%; H, $.91; N, 6.17. "H NMR (300 MHz, DMSC-d,): 8
1.69 (s, 610), 1.89 (s, 6H), 201 (s, 3H), 3.87 (s, 31T, 549 (s, 2H),
746 (d,J = 7.5 Hz, 2H), 7.58 (d, J = 7.2 Hz, 2H}, 7.74 (s, 1H), 782
(s, 1H}, 924 (s, 1H). “C{'H} NMR (75 MHz, DMSC-d;}: § 274,
358, 359, 383, 460, 514, 1224, 1240, 1274, 127.8, 1367, 136.8,
1392, 208.7. IR (KBr): 3164(m}, 3135(m), 3056(s), 2971(w),
2911(s), 2850(s), 2677 (w), 2656(w), 1735(w), 1671(s}, 1608 (w),
1573(m}, 1558(m}, 1450(m}, 1412 (w}, 1269(m}, 1240(m), 1171(s),
1024(w), 987(m), 967(w), 952(w), 834(m), 754(m), 730(m),
692(w), 670(w), 610(m) em L ESIMS: m/z 335.3 [M]* (100%).

1-{4-({1-Adamantylcarbanyl)benzyl]-3-butylimidazolium Bramide
(4"8r ). The bromide of 4% was isclated as tan viscous oil (129 mg,
43% yield) wing 212 mg (0.66 mmol} of 9. Anal. Caled for
C,H,BrN,O (457.45): C, 65.64; H, 7.27; N, 6.12. Found: C, 65.8%;
H, 735 N, 597. "H NMR (300 MHz, CDCL): §0.94 (t, J = 7.2 He,
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3H), 135 (m, 2H), 1.72 (m, 6H), 1.87-1.94 (m, 2 + 6H), 2.05 (5,
3H), 428 (t, [ = 72 Hz, 2H}), 5.70 (s, 2H), 7.35 (s, 1H}, 744 (s, 1H)},
7.50 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 84 Hz, 2H), 10.57 (s, 1H).
BefTHY NMR (75 MEz, CDCL): 8 13.6, 19.7, 28.2, 32.2, 366, 39.1,
472, 502, 529, 1222, 128.1, 128.9, 135.3, 137.3, 140.8, 2100. IR
(KPBr}: 3432(s), 3131(w), 3063(w}, 2906(s), 2850(m), 2678(w},
2658 (w}, 1668 (m}, 1609(w}, 1561(m), 1453(m}, 1411 {w}, 1271 (m},
1237(m), 1160(m}, 988 (w}, 930(w), 765(w}, 684(w), 617(w) cm ..
ESI-MS: m/z 8334 [2M' + 7Br 1* (3%), m/z 3773 [M]* (100%).
I-{1-Adamantyimethyl)-3-methylbenzoimidazolium fodide
{5™ ). The iodide of 5% was isolated as colorless arystalline powder
(125 mg, 83% yield} wing 98 mg (0.37 mmol} of 10. Mp: 115—120
°C. Anal. Caled for CigH, N, (408.32): C, 5589 H, 6.17; N, A.86.
Found: C, $5.55; H, 6.17; N, 7.03. "H NMR (300 MHz, DM50-dg): &
1.56—1.67 (m, 12H), 1.95 (s, 3H), 4.11 (5, 3H), 423 (5, 2H), 7.67—
7.70 (m, 2H}, $.01—8.03 (m, 1H}, 8.12—8.14 (m, 1H), 9.64 (s, LH).
BC{THY NMR (75 MHz, DMSO-dgk: 8 27.4, 33.3, 34.3, 35.9, 39.0,
570, 1134, 114.1, 1262, 1264, 1315 1323, 1432. IR (KEBr):
3467 (m), 3442(m), 3134 (w), 3010(w}, 2902(s), 2848(m)}, 1618(w},
1566(m), 1487(w), 1456(m), 1344{w}, 1313(w), 1275(w}, 1209(w},
1024 (w), 845(w), 762(m}, 750{w), 569(w), 428 (w) cm 1. ESL-MS:
m/z 2812 [M]* (100%).
1-(1-Adamantyimethyl)-3-butylbenzoimidazotium Bromide
(6'8r ). The bromide of 6* was isolated as colorless arystalline
powder (279 mg, 92% yield) using 200 mg (0.75 mmol} of 10. Mp:
208212 °C. Anal. Caled for CpH, BN, (403.40): C, 66.50; H, 7.75
N, 6.94. Found: C, 6627; H, 78% N, 7.05. 'H NMR (300 MHz,
CDCL): 5 096 (t [ = 72 Hz, 3H), 143 (m, 2H), 1.54—1.69 (m,
12H), 199-2.06 (m, SH}, 431 (s, 2H), 4.68 (t, ] = 7.5 Hz, 2H),
7.61-7.74 (m, 4H), 11.17 (s, 1H). "C{*"H} NMR (75 MHz, CDCl,):
§137,19.9,28.0, 31.5, 352, 364, 404, 47.6, 58.7, 113.1, 114.0, 127.0,
127.2, 1310, 132.9, 143.6. IR (KBr): 3454(m), 3387(m), 3129(w),
3056(w), 3029(w), 2964(m}, 2904 (s}, 2849(m), 2789(w), 2679w},
1614 (w}, 1564(s}, 1480(w}, 1458(m), 1428(m}, 1386(m}, 1369w},
1346(w), 1316(w), 1278(w), 1230(w), 1212(w), 762(s), 61l6(w)
an L ESIMS: m/z 7253 [2M* + PBr * (10%), m/z 3232 [M]*
{100%).
1-{1-Adamantyimethyl)-3-butylbenzoimidazolium lodide (6™ ).
The iodide of 6* was isclated as colerless arystalline powder (128 mg,
86% yield} wing 8% mg (0.33 mmoel} of 10. Mp: 202—204 °C. Anal.
Caled for C,H,IN; (450.40): C, 58.67; H, 6.94; N, 6.22. Found: C,
5843; H, 6.86; N, 6.23. "H NMR (300 MHz, CDCL): 4 098 (t, ] =
7.2 Hz, 3H), 146 (m, 2H), 1.55—1.66 (m, 12H}, 2.01-2.09 (m, 5H},
433 (s, 2H), 468 (t, ] = 7.5 Hz, 7H}, 7.63-7.79 (m, 4H), 10.91 (s,
1H). BC{'H} NMR (75 MHz, CDCL): § 13.7, 19.9, 280, 31.5, 352,
364,405, 47.6, 58.7, 1132, 114.1, 1272, 1274, 131.0, 132.8, 142.6. IR
(KBr): 3126(w), 3023(w), 2994(w), 2965(m), 2901(s), 2847 (m},
2676(w), 2657(w), 1612{w), 1563(s), 1488(w), 1459(m}, 1430(m},
1367 (w), 1347(w), 1315(w), 1277(w), 1207w}, 1180(w}, 1022(w},
758(s), 615(w), ST1(w} cm L. ESI-MS: m/z 7733 [2-M* + 1 ]
(21%), »a/z 3233 [M]* (100%).
1-(1-Adamantytmethyl)-3-butylbenzoimidazolium Mesylate
{6"MsQ ). The mesylate of 6* was isolated as colodess arystalline
powder (5? mg, 36% }J'ie.ld) using 100 mg (0.38 rnmnl) of 10. Mp:
195—198 °C. Anal. Caled for C,,H, N,0,5 (418.59): C, 65.9%; H,
819 N, 6.69. Found: C, 66.17; H, 8.1; N, 6.92. "H NMR (300 MHz,
CDCL): 8 098 (t ] = 7.5 Hz, 3H), 145 (m, 2H), 1.56— 171 (m,
12H}, 2.01-2.07 (m, 5H), 2.80 (s, 3H), 428 (s, 2H}, 464 (t, = 72
Hz, 2H), 7.59-7.71 (m, 4H), 10.57 (s, 1H). *C NMR (75 MHz,
CDCL): & 136, 199, 281, 31.5, 352, 36.5, 39.8, 404, 475, 585,
113.0, 1140, 1268, 126.9, 1312, 133.0, 144.7. IR (KBr}: 3121(w),
3103(w), 3027(w), 2960(w), 2906(s), 2849(m), 2677 (w}, 1638(w),
1614w}, 1561(m}, 1484(w), 1459w}, 1429(w}, 1385(w}, 1344 (w},
1318(w), 1279(w), 1207(s), 1145(w), 1044(s), 1021(w}, 772(s},
672(w), 617(w), 353(m) am L. BSIMS: m/z 7414 [2-M* + MsO [
(2%}, m/z 3233 [M]* (100%).
1-f4-(1-Adamantylcarbony)benzy]-3-butylbenzoimidazofium
Masylate (7MsQ ). The mesylate of 7% was isolated a3 colorless
arystalline powder (24 mg, 17% yield} using 100 mg (0.27 mmol} of
11. Mp: 193—198 °C. Anal. Caled for C,jH,N,0,8 (522.70%: C,
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68.93; H, 73%; N, 5.36. Found: C, 69.07; H, 739 N, 5.12. "H NMR
(300 MHz, CDCL): 5 0.98 (t, J= 6.9 Hz, 3H), 1.45 (m, 2H), 1.71 (m,
6H}, 1.92—2.03 (m, 111}, 2.82 (5, 3H), 4.57 (t, [ = 6.9 Hz, 21, 5.89
(s, 2H), 7.50—7.70 (m, 8H), 10.98 (s, 1H). C{'H} NMR (75 MHz,
CDCL): § 13.6, 20.0, 282, 314, 366, 39.1, 39.8, 47.1, 47.8, 5L.0,
1132, 114.0, 1272, 1274, 128.1, 1282, 1315, 1317, 1352, 140.5,
1440, 2098. IR (KBr): 3125(w), 3059(w), 2931(s} 2907(s},
2852(m}, 2680(w), 2659(w)}, 1690(m}, 1611(w}, 1561(m},
1481w}, 1454(w), 1431(w), 1380(w}, 1346(w}, 1273(w), 1208(s},
1194(s}, 1116(w), 1059(m), 1045(m}, 989(w), 952(w), 932(w),
854(w), 809(w), T61(m), 670(w), 634(w}, 611(w), 555(w), S36(w)
am L ESI-MS: m/z 949.4 [2M* + MsC ]* (11%), m/z 427.3 [M]*
(10035},

General Procedure for Preparation of @ and 11. Benzimidazole or
imidazole (1 equiv) was dissolved in dry DMF (150 equiv), and N-
ethyl W isopropylpropan-2-amine (1.5 equiv} and l-adamantyl 4-
bromomethylphenyl ketone (1.1 equiv) were added at room
temperature. The mixture was vigorously stired under an inert
atmosphere at 100 °C for § days. The resulting slurry was poured into
crushed ice and extracted with CH,Cl,. Collected organic portions
were washed with water and brine and dried over Na,50,. Solvents
were distilled off in vacuum, and residual DMF was removed via
azeotropic distillation with CHCl,. Crude material was purified on
column [silica gel, 1:1 (viv) petroleum ether/ethyl acetate].

1-f4-( 1-Adamantylcarbonyl)benzyll- iH-imidazole (9). Compound
9 was isolated as pale yellow cil in a yield of 328 mg (65%) using 573
mg (172 mmol} of starting bromide. Anal. Caled for €, H,N,0
(32043): C, 78.71; H, 755 N, 8.74. Found: C, 78.83; H, 7.52; N,
851. '"H NMR (300 MHz, CDCL): 5§ 1.71-1.81 (m, 6H)}, 2.00 (s,
6H), 2.09 (3, 3H), 5.28 (s, 2H), 7.00 (s, 1H}, 7.23—7.28 (overlapped
signals, 3H}, 7.56 (d, ] = 8.4 Hz, 2H), 8.22 (s, 1H}. PC{*H} NMR (75
MHz, CDCL): 5283, 36.7, 39.2, 47.2, 50.8, 119.6, 127.0, 128.1, 129.4,
137.5, 138.1, 1398, 209.6. TR (KBr}: 3111(w), 2905(s), 2850(s),
2679(w}, 2658(w), 1667(s}, 1609(m), 1506(m), 1452(m), 1412 (w},
1345(w), 1271(s}, 1234(s), 1177(m}, 1106(w}, 1076(m}, 1030(w},
988(m), 954w}, 930(w), 834 (w), 815(w), 794(w), 733(m), 663(m)
am L GC-MS (EI}: m/z 320 (5%), 293 (12%), 292 (50%), 136
(11%}, 135 (1009}, 118 (9%}, 107 (14%), 93 (24%), 91 (9%), 90
5139;;), 89 (8%), 81 (9%}, 79 (27%), 77 (9%), 67 (11%), 55 (7%), 41

8%},

1-{4-{1-Adamantylcarbonyl)benzyl]- 1 H-benzimidazale (11).
Compound 11 was isolated as pale yellow crystalline powder in a
yield of 218 mg (44%) using 497 mg (1.49 rnmol) of starting bromide.
Mp: 126—131 °C. Anal. Caled for C,;H,N,0 (37049} C, 8105; H,
7.07; N, 7.56. Found: C, $0.94; H, 7.09; N, 7.38. "H NMR (300 MHz,
CDCL): 6 1.68—1.78 (m, 6H), 196— 197 (m, 6H), 2.06 (s, 3H), 542
(s, 2H}, 7.20 (d, J = 8.4 Hz, 21}, 7.27—7.32 (overlapped signals, 31},
7.52 (d, J = 72 Hz, 2H), 7.86 (m, 1H), 8.1§ (s, 1H). “C{"H} NMR
(300 MHz, CDCL): 6 28.3, 36.7, 392, 47.1, 48,6, 110.1, 120.7, 122.7,
123.5, 126.7, 1282, 1340, 137.8, 139.7, 143.3, 144.0, 209.5. IR (KBr):
3436(w), 3118{w), 3100{w), 3057 (w}, 3037(w), 3025(w), 2930(s),
2900(s), 2850(s), 2675(w), 2658(w), 1943(w), 1906(w}, 1793(w),
1718(w}, 1670(s), 1617 (w}, 1561(w}, 1494(s), 1460(m}, 1446(m},
1411(w), 1373(m), 1349(m), 1316(w}, 1274(m}, 1240({m}, 1205 (w),
1179(m), 1111(w), 1050w}, 1020(w}, 986(m}, 230(m)}, 887(w),
845(w), 864(w), 845(w), 821(w), 789(w), 756(s), T22(w), 683(w),
640(w), 608(w), 581(w) cm ' GC—MS (EI): m/z 371 (8%), 370
(28%), 343 (15%), 342 (55%), 225 (6%), 208 (6%), 136 (11%), 135
(1003}, 131 (6%), 119 (8%), 107 (13%), 93 (25%), 91 (12%), 90
(169}, 89 (129}, 81 (8%}, 79 (26%), 77 (10%), 67 (11%), 55 (8%),
41 (6%).

Computational Details. The nucleus-independent chemical
shielding (NICS™} was calculated on é‘eomet[y-opﬁmizad structures
of #-CD, CB6, and CBT at the PBE0™ /6-311G**% level of theory
using the Gaussian 09.42% software package. PyhefOL37 and VMD*®
were used to visualize the computed data. Molecular dynamics of
individual complexes were performed in the AMBER 12 package”
using GAFF™ and GLYCAMO6™ force fields. Production simulations
at 300 K and 1 ber in an explicit water environment were 1 jis long
See the Supporting Information for further details.

92

9503

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/zcs.joc.6b01564.

'H and B*C NMR spectra of the new compounds 1-7,
crystallographic data for 6'17 and 6'MsO~, mass spectra
of the free guests and their complexes, "H NMR and ITC
data related to the titration experiments, and computz-
tional details (PDE)

Crystallographic data (CIF)

B AUTHOR INFORMATION

Corresponding Author

*B-mail: rvicha@ftuth.cz.

Notes

The authors dedare no competing financial Interest.

B ACKNOWLEDGMENTS

This work was financially supported by the Internal Funding
Agency of Tomas Bata University in ZIin (IGA/FT/2016/001
to P.B, M.R,, and RV.}, by the Czech Science Foundation (16-
059618 to R.M.), and by the Ministry of Education, Youth and
Sports of the Czech Republic under Project CEITEC 2020
(LQ1601 to P.K.). Computational resources were provided by
the CESNET LM2015042 and the CERIT Scientific Cloud
1.M2015085 under the program “Projects of Large Research,
Development, and Innovations Infrastructures”.

B REFERENCES

(1} (a) Jiao, D; Biedermann, F.; Scherman, Q. A. Org. Lett 2011, 13,
3044-3047. (b} Ko, Y. H; Kim, E; Hwang, 1; Kim, K Chem.
Comman, 2007, 1305—1315. (c} Urbach, A. Ry Ramalingam, V. Isn. [.
Chem 2011, 51, 664—678. (d) Das, D.; Scherman, O. A. Isr. J. Chen.
2011, §1, 537—550. (e} Jiang, W.; Wang, Q; Linder, 1; Klautzsch, F;
Schalley, C. A, Chem. - Eur. J. 2011, 17, 2344—2348. (f) Liw, Y; Fang
R; Tan, X,; Wang, Z; Zhang, X. Chem. - Eur | 2012, 18, 15650—
15654,

(2} (a) Ohga, K; Takashima, Y.,; Takahashi, H; Kawaguchi, Y;
Yeamaguechi, H; Harada, A. Macromolecules 2005, 38, 5897—35904.
(b} Hasegawa, Y.; Miyauchi, M.; Takashima, Y; Yamaguchi, H;
Harada, A. Macromolecules 2003, 38, 3724—3730. (c) Wittenberg, . B.;
Zavalij, P. ¥; Isaacs, L. Angew. Chem, Int Ed 2013, 53, 3690—36%4.
{d) Takashima, Y.; Yuting, Y,; Otsubo, M,; Yamaguchi, H; Harada, A
Beilstein . Org Chem 2012, 8, 1594—1600,

(3} (a) Bshm, I; Isenbiigel, K; Ritter, H.; Branscheid, R; Kolb, UL
Angew. Chem,, Int. Ed. 2011, 50, 7896—7899. (b} Bertrand, B; Stenzel,
M.; Fleury, E; Bemard, ]. Polyn. Chent 2012, 3, 377383, (c} Charlot,
A; Auzely-Velty, B Macromolecules 2007, 40, 1147—1158.

{4) (a) Harada, A; Kobayashi, R,; Takashima, Y; Hashidzume, A;
Yamaguchi, H. Nat Chem. 2011, 3, 34-37. (b} Zheng, ¥;
Hashidzume, A; Harada, A. Macromol Rapid Commune 2013, 34,
1062—1066.

(5) (a) Huang, W.-H; Lin, 8; Zavalij, P. Y.; Isaacs, L. [ Am. Chem.
Soc. 2006, 128, 14744—14745. (b} Nally, R.; Isaacs, L. Tetrahedron
2009, &5, 7749—7754. (c) Lemaur, V,; Carroy, G; Poussigue, F;
Chirot, F; De Winter, J,; Isaacs, L; Dugourd, P.; Cornil, J.; Gerbaux,
P. ChemFPhusChem 2013, 78, 259—969.

(6} (a} Buschmann, H.-]. Is. J. Chem. 2011, 51, 533—536. (b) Girek,
T. J. Inclusion Phenom. Macrocyclic Chem. 2013, 76, 237-252. (c) Kim,
K. Chem. Soc. Rev. 2002, 31, 96—107. (d) Sforazzini, G; Kahnt, A,
Wykes, m; Sprafke, J. K; Brovelli 8; Montarnal, D; Meinardi, F;
Cadialli, F; Beljenne, I).; Albinsson, B; Anderson, L. H. J. Phys. Chen.
C 2014, 118, 4553—4566. (e} Buschmann, H.-J; Wego, A; Jansen, K;
Schollmeyer, E,; Dopp, D. [ Indusion Phenom. Mol Recognit. Chenr.
2008, 53, 183—189.

D3I 10,1021 facs joc 6 b0 564
£ Org. Chem. 2016, 87, 5565 4604



PREDMETNE PUBLIKACE

The Journal of Organic Chemistry

(7} (a) Rekharsky, M. V; Yamamura, H; Kawai, M; Osaka, 1;
Aralawa, R Sato, A; Ko, Y. H; Selvapalam, N,; Kim, K; Inoue, Y.
Org. Lett 2006, 8, 815—817. (b} Leclercq, L; Noujeim, N.; Sanon, 8.
H.; Schmitzer, A. R. | Phys. Chem. B 2008, 113, 14176—14184,

(8} (a) Wyman, 1. W,; Macartney, D. H. [ Org. Chem. 2009, 74,
8031—8038. (b) Sinha, M. K; Reany, O; Yefet, M.; Botoshansky, M;
Keinan, E. Chem - Eur. J. 2012, 18, 5589—5605.

(9} Samsam, §.; Leclercq, L; Schmitzer, A. R. J. Phys. Chem. B 2008,
113, 94939498,

(10} (a) Isaacs, L. Chem. Caompmun, 2009, 619—629. (b) Masson, E;
Ling, X; Joseph, R; Kyeremeh-Mensah, L.; Lu, X. RSC Adv. 2012, 2,
12131247, (<} Huang, W.H,; Liu, 5 Isaacs, L. Cucurbit[n]urils. In
Modern Supramolecular Chemistry: Strategy for Macrocycle Synthesis;
Diederich, F, Stang, P. ], Tykwinsk, R. R, Eds; Wiley-VCH:
Weinheim, Germany, 2008; pp 113. (d) Barrow, 8. J; Kasera, §
Rowland, M. J.; del Barrio, J.; Scherman, O. A, Chems. Rew. 2018, 115,
12320124086,

(11} (a) Harada, A; Takashima, Y. Chem. Rew 2013, 13, 420.
(b} Harada, A.; Takashima, Y.; Nakahata, M. Acc. Chem. Res, 2014, 47,
2128-2140.

(12} Hashimoto, H. CyD applications in food, cosmetic, toiletry,
textile and wrapping material fields. In Cyclodextring and Their
Complexes; Dodzink, H, Ed; Wiley-VCH: Weinheim, Germany,
2006; pp 452.

(13) Rekharsky, M. V; Inoue, Y. Chem. Rev 1098, 98, 1875—1918.

{14) Freeman, W. A; Mock, W. L; Shih, N.-Y. | Am. Chem. Soc.
1981, 103, T367—T368.

(13) Kim, J; Jung, I. §; Kim, 8. Y;; Lee, E; Kang, ]. K; Sakamoto, §;
Yamaguehi, K; Kim, K. J. An. Chem. Soc. 2000, 122, 540-34 1.

(16} Behrend, R; Meyer, E; Rusche, F. Lickigs Ann. Chem. 1905,
338, 1-37.

(17} (a) Rekharsky, M. V; Mori, T; Yang, C; Ko, H. K; Selvapalam,
N.; Kim, H; Sobransingh, I; Kaifer, A. E; Lin, 5; Isaacs, L; Chen,
W,; Moghaddam, 5.; Gilson, M. K; Kim, K;; Inoue, Y. Praoc. Nail Aced
Sei UL 8. A 2007, 104, 2073720742, (b} Yi, §; Li, W; Nieto, D;
Cuadrade, 1; Kaifer, A. E. Org. Biomol Chem. 2013, 11, 287-293.

(18} Moghaddam, §; Yang, C; Rekhasky, M.; Ko, Y. H.; Kim, K;
Incue, Y.; Gilson, M. K | Am. Chens. Soc 2011, 133, 35703581

(19) Cao, L; Sekutor, M; Zavali, P. Y; Mlinarié-Majerski, K
Glaser, R; Isaacs, L. Angew. Chem, Int Fd. 2014, 53, 988993,

(20) Chalrabarti, §; Mukhopadhyay, P.; Lin, $; Isaacs, L. Org Lett.
2007, 8, 2349-2352.

(21} Mukhopadhyay, P; Zavalij, P. Y; Isaacs, L. ] Am. Chem. Soc.
2006, 128, 14093—14102,

{22) Toctoonchi, M. H; Yi, $; Kaifer, A. E. ] Anp. Chem. Soc. 2013,
135, 1080410809,

(23) (a) Wei-Li, D; Bi, J; Sheng-Lian, L.; Xu-Biao, L; Xin-Man, T;
Chal-Tong, A. Catal. Sci. Technol. 2014, 4, 536—562. (b} Ruan, J;
Xiao, J. Acc. Chem. Res. 2011, 44, 614—626. (c) Headley, A. D; Ni, B.
Aldrichimica Acta 2007, 46, 107—117. (d) Lee, 8. Chem. Commmmn.
2006, 10491063,

(24) Riduan, 8. N; Zhang, Y. Chem. Soc. Rev. 2013, 42, 9055—9070.

(25} (a) Cavell, K. Dalton Trans. 2008, 6676—6685. (b} Legrand, F.-
X; Ménand, M.; Sollogoub, M,; Tilloy, 5; Mondlier, E. New [ Cherm.
2011, 35, 20612065,

(26} (a) Rouchal, M.; Matelova, 4; de Carva]l:l,o, F. P.; Bemat, R;;
Grbic, D; Kufitka, I; Babinsky, M; Marek, R.; Cmelik, R; Vicha, R
Supramal. Chem. 2013, 25, 349-361. (b} Vicha, R; Rouchal, M;
Kozubkova, Z.; Kufitka, 1; Marek, R.; Branna, P.; éme]ﬂc, R. Supramol.
Chem. 2011, 23, 663—677.

(27} (a} Kolman, V,; Marek, R; Sticlcovi, Z.; Kulhanek, P.; Netas,
M.; Svec, J; Sindeld, V. Chem. - Eur [ 2009, 15, 6926—693L
(b} Zhao, N.; Liy, L; Biedermann, F.; Scherman, . A. Chem. - Asian .
2010, 5, 530-537. (c} Liu, L; Zhao, N.; Scherman, O. A Chem.
Cowmman. 2008, 1070—1072. (d} Liv, L; Nouvel, N;; Scherman, C. A.
Chem. Commmun. 2009, 3243-3245.

(28} (a) Schleyer, P. v. R; Maerker, C; Dransfeld, A; Jiao, H;
Hommes, N. J. B v. E. . Am. Chems. Soc 1996, 118, 63176318,
(b} Babinsky, M.; Bouzkovi, K; Pipitka, M; Novosadova, L; Marek,

604

B ] Phys. Chem A 2013, 117, 497503 (c) Bouzkovs, K Babinsky,
M.; Novosadovi, L; Marek, R. J. Chem. Themry Comput 2013, 5,
26232638,

(29) Wintgens, V; Biczok, L; Miskolczy, Z. Supramol Chem. 2010,
23, 612—618.

(30) Liu, S; Ruspic, C; Mukhopadhyay, P; Chalrabarti, $; Zavalij,
P.Y.; Iiaacs, L. J. Am. Chemn. Soc. 2008, 127, 15959—15967.

(31) Cernochavs, J; Branna, P.; Rouchal, M.; Kulhanek, P.; Kufitka,
I; Vicha, R Chem - Bur. J. 2012, 18, 13633— 13637

(32} Branni, P.; Rouchal, M.; Pruckova, Z.; Dastychova, L.; Lenobel,
R; Pospidil, T.; MalaZ, K; Vicha, R. Chens. - Bur. J. 2015, 21, 11712—
11718,

(33} Ding, Z.J; Zhang, H.Y,; Wang, L-H; Ding, F; Liu, Y. Org
Lett. 2011, 13, 856859,

(34} (a) Perdew, J. P; Ernzerhof, M; Burke, K. J. Chem, Phys. 1996,
105, 9982—9985. (b} Adamo, C.; Barone, V. J. Chem. Phys. 1999, 116,
6158—6170.

(35} Krishnan, R; Binkley, ]. S,; Seeger, R.; Pople, J. A. J. Chem. Phys.
1980, 72, 650—654.

(36) Frisch, M. J; Trucks, G. W, Schlegel, H. B; Scuseria, G. E;
Fobb, bi. A,; Cheeseman, J. B; Scalmani, G.; Barone, V.; Mennucd,
B,; Petersson, G. A.; Nakatsuji, H; Caricate, M; Li, X; Hratchian, H.
P,; Izmaylov, A F.; Bloineg, |; Zheng, G.; Scnnenberg, J. L; Hada, M;
Ehara, M.; Toyota, K; Fukuda, R.; Hasegawa, ].; Ishida, M.; Nakajima,
T, Henda, ¥.; Kitao, O.; Nakai, H; Vreven, T.; Montgomery, |. A, Jr;
Peralta, ]. E.; Ogliaro, F.; Bearpark, M; Heyd, . J; Brothers, E; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R;; Normand, J; Raghavachari, K;
Rendell, A; Burant, ]. C; Iyengar, 8. 8,; Tomasi, J; Cossi, M; Rega,
N,; Millam, J. M; Klene, M.; Knor, J. E.,; Cross, . B; Bakken, V;
Adamo, C; Jaramillo, J.; Gomperts, R; Stratmann, R E,; Yazyev, C;
Austin, A, J; Cammi, R; Pomelli, C.; Ochterskd, J. W; Martin, R. L;
Morokuma, K; Zakrzewski, V. G; Voth, G. A; Salvader, P;
Dannenberg, J. J; Dapprich, 8; Danicls, A. D; Farkas, G,
Foresman, J. B.; Ortiz, J. V; Cioslowski, J; Fox, D. J. Gaussian 09,
revision A2; Gaussian Inc.: Wallingford, CT, 2009.

(37} The PyMOL Molecular Graphics System, version 1.6.0;
Schrtdinger, LLC, 2013,

(38} Humphrey, W,; Dalke, A; Schulten, K. [ Mol Graphics 1996,
14, 33-38,

(39} Case, D; Darden, T.; Cheatham, T; Simmerling, C.; Wang, J;
Duke, R; Luo, R; Walker, R.; Zhang, W; Merz, K.; Roberts, B; Hayik,
§; Roitberg, A; Seabra, G; Swails, J; Goetz, A,; Kolossvary, I; Wong,
K; Paesani, F; Vanicek, J; Wolf, R; Liu, J; Wu, X; Brozell, §;
Steinbrecher, T.; Gohlke, H.; Cai, Q; Ye, X; Wang, J; Hsich, M; Cui,
G; Roe, D,; Mathews, D.; Seetin, M; Salomon-Ferrer, R; Sagui, C;
Babin, V,; ILuchke, T.; Gusarov, S; Kovalenke, A; Kollman, P.
AMEBER 12; University of California: San Frandsco, 2012.

(40} Wang, . M,; Wolf, R M,; Caldwell, J. W; Kollman, P. A; Case,
D. A, J. Comput. Chem. 2004, 25, 11571174

(41} Kirschner, K. N,; Yongye, A. B; Tschampel, 8. M.; Gonzalez-
Quteiritio, J; Daniels, C. R; Foley, B. L; Woods, R. J. [ Comput.
Chem, 2008, 29, 622—655.

D01 10,1021/ acs joc 501564
£ Org. Cham. 2016, 81,9555 9604

93



PREDMETNE PUBLIKACE

94



PREDMETNE PUBLIKACE

4.6

Adamantylated trisimidazolium-based tritopic guests
and their binding properties towards cucurbit[7]uril and B-cyclodextrin

Shantanu Ganesh Kulkarni, Zdetika Pruckové, Michal Rouchal, Lenka Dastychova, Robert Vicha"

Journal of Inclusion Phenomena and Macrocyclic Chemistry 2016, 84, 11-20

95



PREDMETNE PUBLIKACE

J Incl Phenom Macrocycl Chem (2016) 84:11-20
DOI 10.1007/s10847-015-0577-9

@ CrossMark

ORIGINAL ARTICLE

Adamantylated trisimidazolium-based tritopic guests and their
binding properties towards cucurbit[7]uril and B-cyclodextrin

Shantanu Ganesh Kulkarni' - Zderika Pruckova! - Michal Rouchal -

Lenka Dastychova® - Robert Vicha!

Received: 24 September 2015/ Accepted: 26 October 2015 /Published online: 3 November 2015

© Springer Science+Business Media Dordrecht 2015

Abstract Two new homotritopic guests based on
tris(benz)imidazolium salts with adamantane binding sites
were prepared. NMR and calorimetric titration experiments
revealed that each of the three sites independently binds -
cyclodextrin (B-CD) or cucurbit[7]uril (CB7) units to form
binary host—guest complexes with 1:3 stoichiometry. The
association constants for the single binding site for B-CD and
CB7 were determined using titration calorimetry and are in
the order of 10° and 10°~'° dm® mol ™, respectively. In
addition, both guests were able to form ternary systems with
B-CD and CB7 in ratios of 1:1:2 and 1:2:1, respectively.

Keywords Adamantane - Multitopic guests -
Imidazolium salts - Binding properties - Host—guest
systems

Introduction

In the past decades, significant efforts have been made to
construct complex supramolecular systems with various
promising properties and/or functions. Besides micelles,
dendritic polymers, and membrane vesicles, hydrogels
have been designed to store, deliver or release active
compounds under the control of external stimuli such as
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pH, light, temperature or concentration of additional
compounds [1-8]. Because the host—guest concept is one of
the most popular approaches in this research area [9], either
the guest or the host binding motifs are used for the
preparation of the building blocks. Thus, both can be
grafted onto a suitable polymer backbone, and
supramolecular aggregates are formed via intermolecular
interactions between two chains [10-15]. Another strategy
is to use a host- or guest-modified polymer and a comple-
mentary low-molecular-weight linker [16]. Furthermore,
supramolecular polymeric aggregates were constructed
using either low-molecular-weight homoditopic guests and
host “monomers” or heteroditopic building blocks con-
taining both host and guest motifs [17-23]. As an extension
of these well-documented approaches, tritopic building
blocks were used for the construction of branched
supramolecular polymers [24, 25], star-like structures [26,
27], and hydrogels [28-30].

There are two very popular families of hosts, namely
cyclodextrins (CDs) [31-36] and cucurbit[n]urils (CBns) [37—
39], each having particular advantages. The interest of scientific
community is justified, inter alia, by biocompatibility of CDs
and outstanding affinity of CBs, particularly CB7, towards
some cationic guests derived from ferrocene [40], bicy-
clo[2.2.2]octane [41], adamantane [41], or diamantane [42].
Cationic moieties are frequently based on alkylammonium,
pyridinium or imidazolium salts. However, imidazolium salts
have some additional advantages as they display catalytic
activity [43—47] and an ability to be transformed into N-hete-
rocyclic carbenes to coordinate metals [48-53].

Herein, we report the convenient synthesis and binding
properties of homotritopic, virtually Cs-symmetrical guests
with 1-adamantylmethylimidazolium binding sites, which
have the potential to be used as supramolecular cross-
linkage agents.
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Results and discussion
Chemistry

Compounds 1 and 2 (for structures, see Fig. 1) were pre-
pared via a conventional quaternization reaction using
commercially available 1,3,5-tris(bromomethyl)benzene
and 1-(1-adamantylmethyl)(benz)imidazole. The synthesis
of the latter starting material has been described elsewhere
[54]. Although the preparation of 1 and 2 was typically
smooth and with satisfactory yields, it should be noted that
the resulting material sometimes contained a small portion
of intermediates with one or two unchanged bromomethyl
groups. This inconvenience was clearly detected by ESI-
MS analysis. In such cases, all the material was further
treated in toluene with an excess of the corresponding
(benz)imidazole precursor to complete the formation of the
desired product. The resulting compounds 1 and 2 were
dried in vacuo to constant weight; however, the elemental
analyses revealed that some water was still present, and
compounds 1 and 2 should be considered to be tetrahydrate
and pentahydrate, respectively. This material was used for
further binding studies, and the water molecules were taken
into account.

Binary systems
First, we investigated the individual binding behaviors of 1

and 2 towards CB7. The 'H NMR spectra recorded during
the titration of a solution of guest 1 in D,O with CB7 are

Fig. 1 Structures of the
trisimidazolium guest and host
molecules
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stacked in Fig. 2 and display two sets of signals for the
complexed and free guest (i.c., a slow exchange regime). It
is clearly seen that the signal of H(k) on the central ben-
zene ring was shifted downfield (Fig. 2a), whereas all the
Ad signals were shifted upfield (Fig. 2b). Considering
known magnetic anisotropy of CBs [55], this observation
implies that the Ad cage was included into the CB7 cavity,
and therefore that the central benzene ring was positioned
at the CB7 portal. Such an arrangement was supported by a
ROESY spectrum recorded for a solution containing
3 equivalents (eq) of CB7. Figure 2¢ unambiguously
shows cross-peaks related to the intermolecular interaction
between the H(a) of CB7 and H(k) and H(g) from the
central part of guest 1. In addition to the binding mode of
the 1@CB7 complex, the stoichiometry can be estimated
based on the 'H NMR titration data. Because the signals of
the free guest disappeared at the expense of the signals of
complexed guest when 3 eq of CB7 were added, the for-
mation of aggregate 1@CB7; can be assumed. Note that
there is only one set of signals in the spectrum of a sample
containing a 1:3 mixture of 1 and CB7. To support our
assumption, it can be rationalized based on the virtual C;
symmetry of the predominant complex 1@CB7; that all
three binding sites in guest 1 are essentially independent.
Subsequently, we studied the interaction between 1 and
CB7 by means of isothermal titration calorimetry (ITC).
The observation of a one-slope binding isotherm fitted to a
One Set of Sites model further supports the independent
behavior of each binding site. Because we have titrated the
solution of CB7/competitor with a solution of guest 1, the

1 2
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Fig. 2 Stacking plot of a portion of the 'H NMR spectra for 1 and CB7 (a, b). A portion of the ROESY spectrum of a 1:3 mixture of 1 and CB7

(c). For signal assignment, see Fig. 1

value of the parameter n ~ 0.33 agrees with a stoi-
chiometry of 1:3 in favor of CB7. The value of the asso-
ciation constant of the single Ad binding site, determined
to be 4.8 x 10'° + 5.6 x 10° dm>® mol™!, corresponds to
that published for similar single cationic adamantane-based
guests [41]. The thermodynamic parameters are summa-
rized in Table 1.

Similar results were obtained for guest 2 and CB7. The only
notable difference is that the binding strength of one site of 2
with CB7 is 74 times lower than that of 1 (see Table 1). This
observation can be reasonably explained by the higher steric
hindrance of the benzimidazole cation in the CB7 portal.

As B-CD is the second geometrically reasonable host
molecule for our guests, we continued our study by exam-
ining its binding properties towards guest 1. Because the
guest 1 interacts with B-CD in a fast exchange regime on the
NMR timescale, only one set of 'H NMR signals was
observed during the titration experiment, and the continuous
variations method had to be used separately for the deter-
mination of the stoichiometry of the complex. The Job plot
for 1 and B-CD is displayed in Fig. 3c. The position of the
curve maximum was observed for Xgues = 0.25 and matches
the expectation for a 1:3 complex. Figure 3a shows the
changes in the chemical shifts of selected H-atoms of guest 1
during the titration with B-CD in D,O. The signals of
H-atoms positioned inside the B-CD cavity are generally
known to be shifted downfield [S56]. As seen in Fig. 3a, the

adamantane H-atoms are markedly deshielded. Addition-
ally, the ROESY spectrum (Fig. 3b) was recorded for a
mixture containing 1 and B-CD ina 1:5 molarratio to observe
the intermolecular interactions between adamantane hydro-
gen atoms H(a), H(b), and H(c) and inner B-CD hydrogen
atoms H(3) and H(5). Therefore, we can deduce from the H
NMR titration experiment and ROESY spectrum that the
adamantane cage was included into the B-CD cavity to form
the 1@B-CD; complex, similarly to 1@CB7;. The above-
mentioned inferences based on the NMR data are in good
agreement with results from the titration calorimetry
experiments. As it can be seen in Table 1, B-CD forms a 3:1
aggregate with both guest 1 and 2. Note that, contrarily to the
CB7 complexes, there is only an insubstantial difference
between the association constants of 1 and 2 with B-CD.
Because the glucose units in the B-CD macrocycle are linked
by only one line of O-bridges in contrast to the couples of
methylene bridges in CB7, the 3-CD molecule is much more
flexible than CB7. Therefore, B-CD better accommodates
bulkier guest molecules, i.e., the replacement of imida-
zolium with benzimidazolium has no significant impact on
the binding strength.

Ternary systems

When we ascertained the formation of 1:3 binary aggre-
gates consisting of guests 1 or 2 and B-CD or CB7, we

Table 1 ITC-determined

3 —1ya -1 —1p—1
values of the thermodynamic Guest Host K [dm” mol™ "] —AH [kJ mol™'] —AS [Jmol "' K™°] n
parameters for the interactions 1 B-CD 1.02 x 10° £ 129 x 10> 857 +£54 186.7 0367 £1 x 1073
of 1 and 2 with CB7 and B-CD 5 5 s
2 B-CD 121 x 10° + 1.19 x 10°  98.8 £ 0.3 228.6 0312+ 1 x 10
1 CB7° 4.84 x 10 £5.63 x 10° 173.8 + 1.0 369.0 0391 +£1 x 1073
2 CB7° 652 x 10° £1.23 x 10° 1872+ 1.7 450.8 0373 +£2 x 1073

# The K values are reported for the single binding site

® L-phenylalanine

¢ 1-butyl-3-methylimidazolium bromide was used as a competitor
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Fig. 3 A plot of the complexation-induced 'H NMR shifts of selected H-atoms of 1 against the concentration of $-CD (a). A portion of the
ROESY spectrum of a 1:3 mixture of 1 and B-CD (b). Job plot for 1 and B-CD based on 'H NMR data (c). For signal assignment, see Fig. 1

turned our attention to the ternary systems containing a
guest and all the combinations of the B-CD and CB7 hosts.
Because we revealed that the behavior of 1 and 2 is very
similar, we will focus on the behavior of guest 1 in fol-
lowing discussion. First, we attempted to prepare the
mixture with predominating 1@($-CD, CB7,) complex in
D,0. As described above, it is easy to follow the degree of
occupation of the Ad sites by CB7 units with 'H NMR.
Thus, we titrated a solution of 1 with CB7 until the ratio of
the normalized integral intensity of the signal of the
complexed and free guest reached a value of 2.0. In such a
solution, two-thirds of total amount of binding sites were
occupied and 1@CB7, complex predominated. It should be
noted that minor portions of free 1, 1@CB7, and 1@CB7;
can be also present, however, only one set of signals for
bound and one set of signals for free Ad binding sites was
observed in the "H NMR spectrum. Consecutively, we
added a solution of B-CD in a stepwise manner to reveal
whether the remaining Ad binding sites can be complexed
by B-CD. As seen in Fig. 4a, the addition of B-CD led to
the downfield shift of the signals of the Ad that is not
complexed to CB7. Considering the above-discussed
binding behavior of 1 and B-CD, this observation suggests
the inclusion of the remaining adamantane cage into the -
CD cavity. The ROESY spectrum recorded for a 1:2:2
mixture of 1, B-CD, and CB7 supports this suggestion by
displaying cross-peaks related to the intermolecular inter-
action of the adamantane cage and B-CD (Fig. 4b).
Similarly, we prepared mixture in D,O containing a
ternary aggregate 1@(B-CD,, CB7) predominantly. First,
we titrated a solution of 1 with CB7 to obtain a mixture in
which a third of Ad sites were occupied by CB7, ie.,
1@CB7 predominated. The consecutive addition of the [3-
CD solution led to the significant deshielding of the
H-atoms of the adamantane cage that was not yet included
into CB7. Similarly to the previous case, the ROESY

@ Springer

spectrum of the mixture containing a 1:3:1 solution of 1,
CB7, and B-CD revealed the intermolecular interactions
between the inner 3-CD protons and the Ad cage (Fig. 5c).
These observations are consistent with our expectation that
the free Ad positions can be occupied by B-CD units.
However, the above-mentioned results do not imply that all
free Ad sites were occupied by B-CD. Therefore, we con-
structed a Job plot where one component was the mixture
of 1 and CB7 (1:1) and the second was -CD. As shown in
Fig. 5a, we observed a maximum on the Job plot at xp
cp = 0.33, evidencing the occupation of all of the free Ad
sites. Thus, we assume that the 1@(B-CD,,CB7) complex
predominated in the mixture in addition to minor portions
of 1@(B-CD,CB7,), 1@B-CDj3, and 1@CB7;.

Finally, we confirmed by means of 'H NMR that all the
ternary complexes consisting of guest 1 or 2 and B-CD and
CB7 can be converted to 1@CB7; and 2@CB7; by addi-
tion of a sufficient amount of CB7 into the solution. Con-
sidering the respective selectivity of 1 and 2 towards -CD/
CB7 (expressed as Kpcp X K&gs) of 2.1 x 107¢ and
1.9 x 107, it is not surprising that B-CD was readily
replaced by CB7 units when CB7 was added. Although
such a result was expected, it is important to acknowledge
that the replacement process was fast on the NMR time-
scale. Additionally, we performed a competitive experi-
ment using ITC. We placed the 0.54 mmol dm™ CB7
solution into cell and we added the mixture containing 1
(1.60 mmol dm™) and B-CD (15.4 mmol dm™>) portion
wise. According to the Rekharsky approach [40], the single
site association constant for 1@CB7; was calculated to be
of 2.95 x 10" dm® mol™". This K value is in very good
agreement with that obtained via competitive titration
described above (see Table 1). The stoichiometric param-
eter n = 0.37 suggest the replacement of B-CD units by
CB7 at all of the binding sites. Accordingly, guests 1 and 2
can be considered to be supramolecular cross-linkers for 3
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and B-CD (b, ¢). For signal assignment, see Fig. 1. * and 1 assign signals to the guest bound to CB7 and B-CD, respectively

CD-modified polymer chains, and CB7 can be considered
to be an efficient disturbing agent. The examined com-
plexation modes of 1, B-CD, and CB7 are outlined in
Fig. 6.

Mass spectrometry

In addition to the NMR and ITC measurements, we
attempted to confirm the presence of the considered
aggregates in aqueous solution by means of electrospray
ionization mass spectrometry (for details, see the “Exper-
imental section” section). In the mixture of a particular
guest and CB7 in a molar ratio of 1:3, we observed minor
signals (22 and 18 % for ligand 1 and 2, respectively)
related to the [G3+‘3CB7]3+ aggregates; however, the base

100

peaks were assigned as [G>T-3CB7-HT]**. Moreover, a
[G*T3CB7-2H ]’ aggregate was observed in the case of
ligand 2. Subsequently, we analyzed mixtures of guest 1 or
2 with 5eq of B-CD to observe the signals related to
[G*+-B-CD**, [G*F-2B-CD]*T, and [G*-3B-CDJ*F. All
of these aggregates consecutively released neutral B-CD
units upon collision-induced dissociation (CID) treatment.

Finally, we turned our attention to the aqueous mixtures
containing ligand 1 or 2, CB7, and B-CD. The above-dis-
cussed G**-CB7,-B-CD,, (n, m = 1 or 2) ternary aggre-
gates were unambiguously detected when a mixture of the
guest with 1 eq of CB7 and 5 eq of B-CD in water was
analyzed. The representative ESI-MS result for the ternary
mixture is depicted in Fig. 7a. The three groups of signals
related to the complexes of 1 with one, two, or three host

@ Springer
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Fig. 6 Supramolecular aggregates and their transformation consid-
ered upon 'H NMR data

molecules can be clearly seen along with the signals of the
free guest and hosts. Under CID conditions, the aggregates
1.CB7-2B-CD and 1-2CB7-B-CD released a neutral 3-CD
unit to produce 1-CB7 and 1.2CB7, respectively (see
Fig. 7B and 7C). Further CID treatment of these aggregates
led to the decomposition of either the guest or the host
molecules.

Conclusion

In conclusion, we describe herein a synthetic procedure
towards new C;-symmetrical homotritopic guests based on
imidazolium cations and adamantane binding sites. We
demonstrated using '"H NMR spectrometry that guests 1
and 2 form 1:3 complexes with CB7 or B-CD. Using
isothermal titration calorimetry, we determined the

@ Springer

association constants of the guests with 3-CD and CB7 to
be in the order of 10° and 10°~° dm® mol ™", respectively.
Furthermore, we demonstrated the formation of ternary
aggregates with all the mutual combinations of B-CD and
CB7 based on both ligands 1 and 2 (i.e., G@(B-CD,CB7,)
and G@(B-CD,,CB7)). Finally, we demonstrated that the
B-CD units in any of the examined aggregates can be
readily replaced by CB7. The thermodynamic selectivity of
guest 1 and 2 towards B-CD/CB7 was determined to be of
2.1 x 1076 and 1.9 x 10™* In our future work, we will
test the guests 1 and 2 as cross-linkage agents for
cyclodextrin-modified polymers. Considering the men-
tioned selectivity, we believe that the preferred host CB7
can be used as a modulator of the cross-linkage process to
finely tune physical properties of final hydrogels.

Experimental section
General

All solvents, reagents and starting compounds (if not
mentioned otherwise) were of analytical grade, purchased
from commercial sources and used without further purifi-
cation.  1-(1-Adamantylmethyl)imidazole and 1-(1-
adamantylmethyl)benzimidazole were prepared as descri-
bed previously [54]. Melting points were measured on a
Kofler block and are uncorrected. Elemental analyses (C, H
and N) were determined with a Thermo Fisher Scientific
Flash EA 1112. NMR spectra were recorded at 303 K on a
Bruker Avance III 500 spectrometer operating at frequen-
cies of 500.11 MHz (*H) and 125.77 MHz (*3C) and on a
Bruker Avance III 300 spectrometer operating at frequen-
cies of 300.13 MHz (*H) and 75.77 MHz (**C). 'H- and
13C.NMR chemical shifts were referenced to the signal of
the solvent ['H: S(residual HDO) = 4.70 ppm, (residual
DMSO-ds) = 2.50 ppm; 1*C: 3(DMSO-dg) = 39.52 ppm].
The spin-lock for ROESY was adjusted to 400 ms. The
signal multiplicity is indicated by “s” for singlet, “d” for
doublet, and “um” for unresolved multiplet. IR spectra
were recorded using a Smart OMNI-Transmission Nicolet
iS10 spectrophotometer. Samples were measured in KBr
pellets. Electrospray mass spectra (ESI-MS) were recorded
using an amaZon X ion-trap mass spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with an electro-
spray ionization source. All the experiments were con-
ducted in the positive-ion polarity mode. The instrumental
conditions used to measure the single imidazolium salts
and their mixtures with the host molecules were different;
therefore, they are described separately. Single imida-
zolium salts: Individual samples (with concentrations of
0.5 pg em™) were infused into the ESI source in
methanol:water (1:1, v:v) solutions using a syringe pump
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Fig. 7 ESI-MS spectra of the A [M‘CB?] +
mixture of 1, CB7, and B-CD in 643.0
a 1:1:5 molar ratio in water. The
positive ion first-order mass
spectrum (a); ESI-MS/MS
spectrum of ions at m/z 1408 [M-B-CDJ" [M-CB7+3-CD]"
(b) and 1399 (c¢). Precursor ions 6333 1021.0 [M«CB7+2B-CD]"
are marked with a bold \ 1399.0
downward arrow. Inserted [Me2B-CDJ"* [Me2CB7]"
boxes display the experimental 1011.7 1030.4 [M-2CB7+B-CDJ"
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with a constant flow rate of 4 pl min~'. The other instru-
mental conditions were as follows: an electrospray voltage
of —4.2 kV, a capillary exit voltage of 140 V, a drying gas
temperature of 220 °C, a drying gas flow rate of
6.0 dm® min~! and a nebulizer pressure of 55.16 kPa.
Host—guest complexes: An aqueous solution of the guest
molecule (6.25 um) and the corresponding host molecule

102

(3.0 eq of CB7 and 5.0 eq of B-CD, respectively) for the
binary complexes or an aqueous solution of the guest
molecule (6.25 pm), CB7 (1.0 eq), and B-CD (5.0 eq) for
the ternary complexes was infused into the ESI source at a
constant flow rate of 4 pul min~'. The other instrumental
conditions were as follows: an electrospray voltage of
—4.0 kV, a capillary exit voltage of 140 up to —50 V, a

@ Springer
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drying gas temperature of 300 °C, a drying gas flow rate of
6.0 dm® min~, and a nebulizer pressure of 206.84 kPa.
Nitrogen was used as both the nebulizing and drying gas
for all of the experiments. Tandem mass spectra were
collected using CID with He as the collision gas after the
isolation of the required Isothermal titration
calorimetry measurements were carried out in HoO using a
VP-ITC MicroCal mstrument at 303 K. The concentrations
of the host in the cell and the guest in the microsyringe
were approximately 0.13-0.15 and 0.46-0.50 mm, respec-
tively. The raw expenmental data were analyzed with the
MicroCal ORIGIN software. The heats of dilution were
talken into account for each guest compound. The data were
fitted to a theoretical titration curve using the ‘One Set of
Binding Sites’ model. A 1-methyl-3-butylimidazelium
bromide and an o-phenylalanine with respective associa-
tion constanis of 1.17 x 107 and 6.72 x 10% dm® mol™!
were used as competitors [40].

1018,

General procedure for the preparation of guests 1
and 2

1,3,5-Tris(bromomethyl jhenzene (TBMB) (0.10 g, 0.28 mmol}
was dissolved in 3 em? of dry tolene and 3.2 equivalents of
1-adamantylmethvlinidazole/benzimidazole were added. The
mixture was stirred for several hours at 100 °Cuntil the starting
TBMB disappeared according to TLC. The crude product was
precipitated by freshly distilled dry THF and separated by cen-
trifugation. The solid material was triturated with THF several
times, isolated by centrifugation, and dried under vacuum to a
constant weight.

oo of’-Tris{ 3-( 1-( 1-adamantylmethyl Jimidazolium) )-
mesitylene tribromide (1)

0,0 -Tris(3-(1-(1-adamantylmethyl imidazolinm) yme-
sitylene tribromide (1) was isolated as a colorless
microcrystalline powder with a yield of 0.30 g (99 %
with respect to TBMB). Mp = 204-206 °C, Anal. Caled
for CjLHﬁQBr3N6'4H20 (107’191) C, 56.83 %; H,
7.20 %; N, 7.80 %; found C, 57.12 %; H, 7.19 %; N,
7.53 %. “H NMR (DMSO-ds): & = 1.45 (um, 18, Hc),
1.55 (um, 9H, Ha.y), 1.67 (um, 9H, Ha,,), 1.96 (um, 9H,
Hb), 3.98 (s, 6H, Hd), 5.52 (s, 6H, Hj), 7.62 (s, 3H, HK),
7.71 (um, 3H, Hf), 7.90 (um, 3H, Hg), 9.50 (um, 3H, He)
ppm. *C NMR (DMSO-dg): & = 27.4 (Ch), 33.2 (Ce—
C), 36.0 (Ca), 38.9 (Cc), 51.3 (C)), 59.9 (Cd), 1220
(Cg), 124.3 (Ch), 128.8 (Ck), 136.2 (Cj—C), 136.9 (Ce)
ppm. IR (KBr): 651(m), 750(m), 876{w), 1105(m),
1134(m), 1157(s), 1176(m), 1449(s), 1559(s), 2846(s),
2002(s), 3065(m), 3127(m), 3415(bs) cm™'. ESI-MS:
m/z 149.3 [AICH,]T, 255.3 M7, 308.3 [M>T — 1492,
382.4 [MCY_HTPT, 4223 (M4 7Br 1Pt

@ Springer

oo, o -Tris( 3 1 I-adamantylmethyl)benzof djimidazolium))-
mesitvlene tribromide (2)

et o -Tris(3-(1-(1-adamantylmethylbenzo[dlimndazolivm) -
mesitylene tribromide (2) was isolated as a colorless micro-
crystalline powderwith a yield ot 0.24 g (69 % withrespectto
TBMB). Mp = 273-275 °C, Anal. Caled for Cg:H,Br;sNg
SH,({1246.10) C, 60.72 %; H, 6.88 %; N, 6.74 %; found C,
60.64 %; H, 6.64 %; N, 6.53 %. 'HNMR (DMSO-dy):
8 = 1.55-1.57 {um, 27H, HcHa,), 1.65 (um, 9H, Ha,),
1.95 (um, 95, Hb), 4 34 (s, 6IL, FLd), 5.81 (s, 6L Hj), 7.47 (dd,
J=79, 30, Hh), 7.64 (dd, J = 8.0, 3H, Hg), 7.82 (d,
7 = 8.4, 31 Hi), 7.88 (s, 3H, Hk,), 8.14 (4, J = 8.5, 3H, Hf),
10.2¢ (s, 3H, He) ppm. °C NMR (DMSQ-ds): & = 27.4
(Cb), 343 (Co—C), 359 (Ca), 39.1 (Cc), 49.3 (Cj), 57.3
(Cd), 113.5 {Cf), 1144 (Ci), 126.2 (Chy, 126.5 (Cg), 128.7
(CK), 1302 (Cf—C), 132.6 (Ci—C), 135.6 (Cj—C), 1432
(Ce) ppm. IR (KBr}: 1177(m}, 1200(m), 1344(m), 1366(m),
1426(m}), 1448(m), 1559(s), 2846(s), 2901(s), 3405(bs) cm™ .
ESI-MS; m/z 149.1 [AdCH,]Y, 3052 M, 383.3 [M**
—AdCH ' PP, 497.3 IMPT+7Br .
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Abstract: Bisimidazolium salts with one central biphenyl
binding site and two terminal adamantyl binding sites form
water-soluble binary or ternary aggregates with cucurbit-
[71uril (CB7) and P-cyclodextrin (3-CD) with rotaxane and
pseudorotaxane architectures. The observed arrangements

result from cooperation of the supramolecular stopper bind-
ing strength and steric barriers against free slippage of the
CB7 and B-CD host molecules over the bisimidazolium guest
axle.

Introduction

The cucurbit[n]urils™ (CBns) and cyclodextrins™ (CDs) represent
the two best-established families of hosts used for the con-
struction of supramolecular systems. The structure of CD mac-
rocycles consists of p-glucopyranoside units linked via a(1—4)
glycosidic bonds, forming a bottomless-cap-like cylindrical
shape (Figure 1). The nonpolar cavity lined with polar hydroxy
groups facilitates the inclusion of nonpolar guests within CDs
with up to micromolar dissociation constants.”! The barrel-
shaped CB molecules are composed of glycoluril units joined
by pairs of methylene bridges (Figure 1). The combination of
the nonpolar cavity of a CB and symmetrically equivalent por-
tals rimmed with carbonyl groups allows an extraordinary
binding affinity and selectivity, particularly towards cationic
guests derived from ferrocene,” the cage hydrocarbon bicy-
clo[2.2.2]octane,””! adamantane,™! or diamantane.® The hydroxy
groups on the rims of CDs can significantly participate in the
stabilization of CD-CD or CB-CD aggregates via O—H--O inter-
actions. In contrast, there is strong electrostatic repulsion be-
tween the portals of the two CB units that destabilizes ar-
rangements with short portal-portal distances, either in pure
water or metal salt solutions. However, metal cation-mediated
attractive interactions between the portals of two CB units
have rarely been reported in aqueous solutions containing
a large excess of metal ions” or in the gas phase.”®

Because the portals of CBs are complementary to those of
cyclodextrins, H-bonds stabilize the ternary aggregates in

[a]l P. Brannd, Dr. M. Rouchal, Dr. Z. Pruckovd, Dr. L. Dastychovd, Dr. R. Vicha
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Supporting information for this article is available on the WWW under
http .//dx.doi.org/10.1002/chem.201501353 and contains the experimental
and synthetic details, 'H and *C NMR spectra of bisimidazolium salts 1-7,
mass spectra of the free guests and their CB7 and B-CD complexes, and
computational details.
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Figure 1. Structures of the bisimidazolium guests and host molecules used
in this work.

a pseudorotaxane manner, in which the macrocycles surround
one® or two"” cationic centers. Even non-ionic polyethylene-
glycol has been reported to thread o-CD or CB6 and a-CD
units in a random order."

It should also be noted that many oligo/polypseudorotax-
anes consisting solely of CB units and an axle molecule have
been prepared. However, in all of these cases, each CB unit
was bound to the single-cationic binding site? or, more fre-
quently, to the double-cationic site," to reduce the electro-
static repulsion between two adjacent CB portals. Recently,
several multitopic guests have been used for construction of
intriguing supramolecular systems under thermodynamic’'* or
kinetic™! control.

In our ongoing work, we aim to utilize imidazolium-based
guests in supramolecular systems. Imidazolium salts, compared
with the most frequently used ammonium and pyridinium
salts, offer additional benefits because they can provide cata-
lytic functions or can be transformed into N-heterocyclic car-
benes to form organometallic complexes. Herein, we report
a binding study of four members of a new guest family
(Figure 1) that form binary and ternary (pseudo)rotaxane ag-
gregates with CB7 and -CD.

Results and Discussion

Rather surprisingly, there has, to our knowledge, only been
one report on the supramolecular behavior of a 4,4-biphenyli-
dene bisimidazolium salt; specifically, 1 with CB8."® Owing to

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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this lack of information, we prepared three guests, 1, 4 and 5
(Figure 1), incorporating a central biphenyl binding site (BiPh)
and explored their binding properties towards CB7 and p-CD
by means of 'HNMR spectroscopy and titration calorimetry
(ITC). According to the NMR data, guests 1 and 4 form inclu-
sion complexes with §-CD in the fast-exchange regime, where-
as guest 5 displays slow exchange (see the Supporting Infor-
mation, Figures 522, $43, and $48). The ITC measurements con-
firmed the 1:1 stoichiometry and revealed that the binding
strength positively correlates with the bulkiness of the cationic
moiety (see Table 1).

Table 1. ITC-determined values of K, and the complex stoichiometry for
the interactions of 1-5 with CB7 and (3-CD.

CB7 B-CD
Guest KIm™ n' KM~ n'
1 4.22%10° 1.00 3.57x10% 1.04
2 1.35x10'2% 056 9.20%x10* 0.49
3 1.15x10'2% 050 9.87x10% 0.44
4 - - 5.72x10° 0.99
5 4.43%10° 1.01 1.01x10* 1.06

[a] The molar fraction of the guest relative to that of the host; [b] 1-
methyl-3-butylimidazolium bromide was used as a competitor.

In contrast, CB7 binds to all of the BiPh guests in the slow-
exchange regime. The shielding of aromatic and methylene
protons accompanied by the deshielding of methyl protons
implies the inclusion of the biphenyl moiety within the CB7
cavity. According to ITC data, CB7 forms 1:1 complexes with [i-
gands 1 and 5 with essentially the same stability (Table 1). Al-
though the ITC data obtained for the titration of CB7 with 4 fit
the Two Sets of Sites model, the final stoichiometry was 1:1
(see the Supporting Information, Figure S45). Thus, we sup-
pose that external and inclusion complexes are in equilibrium
in a solution containing an excess of CB7. However, the 1:1 in-
clusion complex 4@CB7 far outweighs the external complex in
a solution with an excess of guest 4, as is evident from the
NMR titration data (see the Supporting Information, Fig-
ure S44). Accordingly, we can conclude that the 4,4’-biphenyli-
dene scaffold linked by methylenes with two imidazolium, 2-
methylimidazolium, or benzimidazolium cations represents
a capable binding site for §-CD and CB7.

We have also investigated ternary systems of our ligands
starting with compound 2. The NMR and ITC data suggest that
ligand 2 forms a binary complex with CB7 as well as with -CD
in a 1:2 stoichiometry with two host molecules occupying the
terminal adamantyl sites (Ad; see the Supporting Information,
Figures S27, S28, and S32). The superscript index Ad or BiPh
will be used hereafter to assign the positioning of CB7 or -CD
in the complex.

The ternary aggregate 2@(CB7*Y3-CD*’) was formed when
an equimolar mixture of 2 and CB7 in D,0 was titrated with f-
CD. In complex 2@CB7, one Ad site is included inside the CB7
cavity (strongly shielded Ad protons), whereas the second Ad
is free (see the Supporting Information, Figure S29). Subse-
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quently, the addition of a §-CD solution led to the deshielding
of the free Ad protons as the second Ad cage was included
within the B-CD cavity. In the next titration experiment, the
mixing mode was changed. We prepared an initial solution
containing guest 2 and 3.2 equivalents of $-CD, in which the
complex 2@[3—CD§*d predominates (Figure 2, line ii), and we sub-
sequently added a solution of CB7. The appearance of signals
of significantly shielded Ad H atoms at the expense of those
related to the B-CD-bound Ad cage (Figure 2, lines iii-v) im-
plies the replacement of the B-CD units at the Ad site with
CB7. Interestingly, a new set of -CD signals arose during this
titration, as demonstrated in Figure 2 for 3-CD H1, and, in ad-
dition, the BiPh signals were split into two sets (see the Sup-
porting Information, Figure $30). The 0.98 molar ratio of guest
2 and minor -CD was calculated from the normalized integral
intensity of the Ad H, and the minor -CD H1 signals. Subse-
quent 2D DOSY-NMR spectroscopy revealed that there are two
forms of -CD differing in their diffusion coefficients D. The
minor B-CD had the same D value as the ligand 2 and CB7 (for
DOSY spectrum, see the Supporting Information, Figure S31).
These observations can be reasonably explained by the trap-
ping of B-CD at the BiPh site in a rotaxane manner to form
a ternary aggregate 2@(CB7,*B-CD®™) with two CB7 caps at

iv

e

bulk+Ad
e Nk ﬂ
b a,
i
52 50 2.0 15 1.0 0.5 ppm

Figure 2. A) Stacking plot of a portion of the 'H NMR spectra recorded in
D,0 at 303 K. Molar fractions of 2, §-CD and CB7: i) 1.00, 0.00, 0.00; ii) 0.25,
0.75, 0.00; iii) 0.21, 0.68, 0.11; iv) 0.18, 0.56, 0.26; v) 0.16, 0.52, 0.32. B) Repre-
sentative snapshot of the 2@(CB7,*3-CD®™") complex. CB7 and B-CD are
drawn in black and gray, respectively. Hydrogen atoms not participating in
H-bonds (dotted lines) are omitted for clarity.
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the terminal Ad sites. The molecular dynamic calculations re-
vealed that the narrower rim of the (-CD cavity, which is occu-
pied with secondary OH groups, most likely interacts with the
CB7 portal by H-bonds to keep the B-CD unit slightly shifted
from the central position (for the representative geometry, see
Figure 2B). It is important to note that the B-CD®™ signal ap-
peared as a shoulder on the major -CD H1 signal from the
early stages of the titration experiment. Thus, the ternary ag-
gregate 2@(CB7" 3-CDP™" B-CD*) rather than 2@(CB7"¢ 3-CD*)
should be considered as an intermediate in this process. We
employed the last mixing mode to reveal the stability of the
2@(CB7,* B-CD®") aggregate. We prepared a solution of 2
with 2 equivalents of CB7, in which the complex 2@CB7,* pre-
dominates, and we subsequently added 5 equivalents of 3-CD.
The "H NMR spectra of this system were recorded within four
months and no splitting of any of the signals was observed as
the B-CD units were disabled to reach the BiPh site. During
this time, the sample was stored at room temperature, and all
of the components remain unchanged according to the
"H NMR spectra. Thus, we may conclude that, under our exper-
imental conditions, CB7 at the Ad site displays very slow ex-
change and serves as an efficient supramolecular cap that is
useful for the preparation of rotaxane arrangements. However,
we performed an ITC experiment (see the Supporting Informa-
tion, Figure S33) employing the second mixing mode de-
scribed above, which revealed that the stability of the ternary
aggregate 2@(CB7," 3-CD®™) is slightly lower than that calcu-
lated from the AG of the individual binding events. When the
mixture of 2 and 5 equivalents of $-CD were placed into the
reaction cell and titrated with a solution of CB7 in water, AG,,,
for each Ad binding site was determined to be
—46.03 kJmol™. In contrast, AG,,, calculated from the forma-
tion of 1@B-CD*™, 2@CB7*¢, and 2@B-CD4Y, is —51.90 kJmol™".
The lowering of the complex stability by 11.74 kJmol™' can be
attributed to the steric hindrance of the host molecules and/or
to the loss in entropy.

Continuing our study, we examined the binding ability of 6
(Figure 3). Because the guest 6 is less soluble in water, we
started the NMR titration experi-
ment by the addition of 4.2
equivalents of $-CD into a disper-
sion of 6 in D,0 to obtain a clear
solution (the second mixing
mode described above). In con-

-
poo
A\

trast to the corresponding spec-
trum of the 2/p-CD mixture,

splitting of B-CD H1 and the M

guest aromatic signals was ob- !v
. Lo |
served (see Figure 3, lineii, and
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equilibrium with B-CD in the bulk solution, whereas the p-CD
at the central BiPh is bound in a slow-exchange regime. This
explanation was supported by the molar ratio of 6 to the
minor B-CD (0.97), which was calculated from intensities of the
corresponding "H NMR signals. We have shown that this com-
plex is stable even at 60°C (Figure 3, line iii. The subsequent
addition of a solution of CB7 (Figure 3, lines iv-vi) led to the
significant deshielding of the Ad H atoms as both 3-CDs at ter-
minal Ad sites were replaced with CB7 units to produce the
ternary aggregate 6@(CB7*CB754[B-CD®™). Note that the
signal of B-CD H1 was slightly shifted downfield as the sur-
rounding environment changed. In summary, guest 6 is able to
bind not only two CB7 units and one B-CD unit, but even, in
contrast to guest 2, three B-CD units. This latter mentioned
ability can be attributed to the higher steric hindrance of the
central BiPh site. To examine the scope and limitations of the
phenomenon described above, we employed two further
guests, 3 and 7, which are derived from guests 2 and 6, re-
spectively, by replacing the H-atom at position 2 of the imida-
zolium ring with a methyl group. Guest 3 is capable of forming
the ternary aggregate 3@(CB7,* -CD®™), whereas the com-
plex 3@(B-CD*B-CD®™) was not detected (see the Supporting
Information, Figure S38), similarly to guest 2. In contrast, the
most hindering guest 7 did not bind either CB7 or 3-CD at the
central BiPh site, according to the NMR data. Thus, only the
binary complexes 7@CB7,* and 7@B-CD}" or the ternary com-
plex 7@(CB7*¢ B-CD*) can be prepared.

Finally, we employed ESI mass spectrometry (MS) to support
our inferences based on the ITC and NMR data (for details, see
the Supporting Information). The water solutions of equimolar
mixtures of guests 1-7 and host CB7 or -CD were examined
to observe the signals related to the [guesthost]**. Subse-
quently, mixtures of guests 2, 3, 6, and 7 with a 5 equivalents
of B-CD were analyzed. Three types of complexes [guest-f-
CD,**, where n=1, 2 or 3, were detected. However, the signal
of [2:B-CD,]*" was of very low intensity in comparison to those
of the other guests (for the spectra, see the Supporting Infor-
mation). Finally, 3 equivalents of CB7 were added into the solu-

Ha(eq)

N/\\N@/\@\Ha(ax)
@\/@N@ i
b

p-CD"™ a, ca,

vi

— iy

Figure S53 in the Supporting In-
formation). Because the adaman-

tyl signals are simultaneously de-

shielded, we attribute these ob-

servations to the formation of 5.4 5.2

the binary complex 6@(3-CD3 B-
CD®, in which the two B-CDs

at terminal Ad sites are in fast 0.58,0.28.
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Figure 3. Stacking plot of a portion of the 'H NMR spectra recorded in D,O at 303 K or 333 K for line iii. Molar frac-
tions of 6, -CD and CB7: i) 1.00, 0.00, 0.00; ii) and ii}) 0.19, 0.81, 0.00; iv) 0.17, 0.74, 0.09; v} 0.16, 0.68, 0.16; Vi) 0.14,
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tions mentioned above, and, for all of the guests, the resulting
mixtures gave rise to signals related to the ternary aggregates
[guest-(ﬁfCD,CB7z)]2+. The assignment of these signals was
supported by HRMS. The detection of ternary complexes for all
of the examined guests was rather surprising in light of the
data obtained from NMR spectroscopy and ITC analysis. How-
ever, it should be kept in mind that MS allows the detection of
aggregates weakly populated in solution. A typical result of
the MS measurements for guest 2 is depicted in Figure 4.

[2+CB7]"
887.3831
[2+2CB7+p-CDJ*
—— [CuHeoNedOul”
779.3018 —— experimental

N

035.7375

]‘ | | - computed

\
‘ |
[2r2gB7F Jd\“ W \J L’\AM

1468.5552
W% 2w | 208 203 40

e \/

1157.3599
|. A L

ALl

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 M/

. 2035.7402
2

Figure 4. The positive-ion ESI high-resolution mass spectrum (full scan) of an
aqueous solution of 2 (12.5 um), CB7 (37.5 um), and B-CD (62.5 um). The
inset displays the experimental and computed”” lines. F = 1-(1-adamantyl-
methyl)imidazole neutral fragment.

Using an ion-trap MS device, we have isolated the cations
[guest-(B-CD,CB7,)I*" and treated them under collision-induced
dissociation conditions. Interestingly, these aggregates did not
dissociate sooner than when rather high resonance energy
was applied to yield signals related to the [guest-CB7,]**. In
another words, the initial ternary aggregate lost a neutral 3-CD
unit, which was assumed to be bound at the central BiPh site.
The applied energy was comparable with that used for cleav-
age of [B-CD-Nal* to glucose units and much higher than the
energy needed for the decomposition of nonspecific aggre-
gates studied in our laboratory (e.g., adamantane derivatives
with a-CD). As the CB7 unit is unlikely to thread through the
B-CD cavity, we can conclude that the -CD was likely released
by the destruction of its macrocycle, whereas the CB7 units re-
mained firmly bound at the Ad sites.

Conclusion

We can conclude that the 44-biphenylene bisimidazolium
moiety (BiPh) represents an interesting binding site that is ca-
pable of forming inclusion complexes with $-CD and CB7 with
association constants of approximately 10°* and 10°m~", re-
spectively. We have prepared four new multitopic guests, in
which a BiPh site was combined with two symmetrically equiv-
alent adamantyl sites, displaying high affinities towards CB7
(up to approximately 10">m™"). These guests were used for the
preparation of binary 1:2 and 1:3 pseudorotaxanes with $-CD
and ternary rotaxane-like aggregates with CB7 and p-CD with

Chem. Eur. J. 2015, 21, 11712-11718 www.chemeurj.org

112

11716

CHEMISTRY

A European Journal

Full Paper

a stoichiometry of 1:1:1 or 1:2:1 (guest/CB7/p-CD). The inter-
esting result of this work is the demonstration that the central
BiPh is more capable of binding the B-CD unit when surround-
ed by rather sterically hindering cationic moieties, e.g., 6 binds
three B-CD units, whereas 2 binds only two -CD units. In our
future work, we will elaborate the utilization of guests 1-7 in
multicomponent responsive systems.

Experimental Section

General information: Unless otherwise stated, all of the starting
materials, reagents and solvents (HPLC-MS grade) were purchased
from commercial sources and used without further purification. 1-
Adamantylboromomethane, 1-(1-adamantylmethyl)imidazole, 1-(1-
adamantylmethyl)-2-methylimidazole, 1-(1-adamantylmethyl)-2-
methylbenzimidazole, and 1-(1-adamantylmethyl)benzimidazole
were prepared according to procedures previously published."®
Melting points were measured by using a Kofler block and are un-
corrected. Elemental analyses (C, H, and N) were performed on
a Thermo Fisher Scientific Flash EA 1112. 'H and "C NMR spectra
were recorded on a Bruker Avance Ill 300/500 spectrometer oper-
ating at frequencies of 300.13/500.13 MHz ('H) and 75.77/
125.77 MHz (®C). '"H NMR and "C NMR chemical shifts were refer-
enced to the solvent signals ('H: d(residual HDO)=4.70 ppm, d(re-
sidual [Ds]DMSO)=2.50 ppm, d(residual CD,HOD)=3.31 ppm; "*C:
O([D]DMSO) =39.52 ppm, ¢(CD;0D) =49.15 ppm). 2D NMR spectra
and related 1D NMR spectra were recorded on a JEOL ECA-500
spectrometer operating at frequencies of 500.16 MHz ('H) and
125.76 MHz ('*C). All NMR spectra were measured at 303 K. For
NMR spectra including signal assignment, see the Supporting Infor-
mation. The IR spectra were recorded using KBr discs with a Matt-
son 3000 FT-IR instrument. The electrospray mass spectra {ESI-MS)
were recorded using an amaZon X ion-trap mass spectrometer
(Bruker Daltonics, Bremen, Germany) equipped with an electro-
spray ionization source. HRMS measurements were performed on
an ultrahigh-resolution quadrupole time-of-flight instrument (UHR-
Q-TOF maXis, Bruker Daltonics, Bremen, Germany) equipped with
an electrospray ionization source. The association constants and
thermodynamic parameters for the complexation of guests 1-7
with CB7 and 3-CD were determined by titration calorimetry using
a MicroCal VP-ITC instrument. Association constants exceeding
10°m~" were determined by a multistep competition method, as
described by Rekharsky et al.”’ The compound 1-butyl-3-methylimi-
dazolium bromide, with K,=1.13x10"m™", was used as a competi-
tor. The data were analyzed by MicroCal Origin software. The com-
plexation enthalpies for the multistep titration experiments were
calculated as a sum of the enthalpies for each complexation step.
The values of K and n were determined in multiple measurements
and agreed within +5 %.

Synthesis of the dibromides 1-3, 6, and 7: The corresponding 1-
alkylbenzimidazole or 1-alkylimidazole (2.5-3.0 equiv.) was dis-
solved in dry toluene (60 equiv.) and 4,4’-bis(bromomethyl)biphen-
yl (BMB; 1 equiv.) was added at room temperature. The mixture
was stirred under inert atmosphere at 80-110°C and monitored by
TLC. When the starting material (BMB) was consumed, the reaction
mixture was allowed to cool down to room temperature, and the
crude product was precipitated by the addition of freshly distilled
THF. The solid material was triturated with plenty of THF by using
the sequence of centrifugation and dispersion under sonication.
The resultant microcrystalline powder was dried under vacuum to
a constant weight.
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4,4'-Bis((3-methyl-1 H-imidazolium-1-yl)methyl}biphenyl  dibro-
mide 1: Compound 1 was prepared from BMB (0.1220 g,

0.36 mmol). The product was obtained as a colorless microcrystal-
line powder (178 mg, 999%). M.p.=104-109°C; "H NMR (500 MHz,
[DgIDMSO): 6=3.88 (s, 6H), 5.51 (s, 4H), 7.55 (d, /=8.5 Hz, 4H),
7.73 (d, J/=8.0Hz, 4H), 7.76 (d, J=1.5Hz, 2H), 7.87 (d, J=1.5Hz,
2H), 9.36 ppm (s, 2H); *C{'H} NMR (125 MHz, [DsJDMSO): 6 =35.9,
51.4, 122.3, 124.0, 127.2, 129.0, 134.3, 136.7, 139.7 ppm; IR (KBr):
3421, 3386, 3102, 3072, 3019, 1577, 1561, 1503, 1451, 1175, 831,
779, 749, 670, 628 cm™'; MS (ESI): m/z (%): 425.2 [M+"°Br'1* (3),
3433 [M—H'1" (4), 261.3 (4), 172.2 [MI** (29), 131.3 (100); elemen-
tal analysis calcd (%) for C,,H,BroN,2.3H,0: C 4842, H 5.28, N
10.27; found C 48.70, H 5.20, N 9.96.

4,4"-Bis((3-(1-adamantylmethyl)-1H-imidazolium-1-yl)methyl)bi-
phenyl dibromide 2: Compound 2 was prepared from BMB
(0.1260 g, 0.37 mmol). The product was obtained as a colorless mi-
crocrystalline powder (273 mg, 95%). M.p.=322-325°C; 'H NMR
(500 MHz, [D,]DMSOQ): 0 =1.44 (m, 12H), 1.56 (m, 6H), 1.68 (m, 6H),
1.97 (m, 6H), 3.94 (s, 4H), 5.52 (s, 4H), 7.52 (d, /=8.0 Hz, 4H), 7.70
(s, 2H), 7.74 (d, J=85Hz, 4H), 7.87 (s, 2H), 9.22 ppm (s, 2H);
BCH} NMR (125 MHz, CD,OD/CDCly): 6=28.8, 34.5, 37.0, 405,
53.7, 62.4, 122.8, 125.4, 128.8, 129.9, 133.8, 1374, 1420 ppm; IR
(KBr): 3422, 3062, 2904, 2849, 1557, 1451, 1160, 756, 644 cm~'; MS
(ESI): m/z (%): 306.3 [M]** (100); elemental analysis calcd (%) for
CyHs;BrN,1.2H,0: € 63.51, H 6.90, N 7.05; found C 63.87, H 6.88,
N 6.87.

4,4'-Bis((3-(1-adamantylmethyl}-2-methyl-1 H-imidazolium-1-yl}-
methyl)biphenyl dibromide 3: Compound 3 was prepared from
BMB (0.1260 g, 0.37 mmol). The product was obtained as a colorless
microcrystalline powder (275 mg, 93 %). M.p.=321-324°C; '"H NMR
(500 MHz, [Dg]DMSO):  =1.54 (m, 18H); 1.67 (m, 6H), 1.96 (m, 6H),
2.65 (s, 6H), 3.92 (s, 4H), 5.50 (s, 4H), 7.43 (d, /=85 Hz, 4H), 7.63
(d, J=1.5Hz, 2H), 7.74 (d, J=8.5 Hz, 4H), 7.83 ppm (d, J=2.0 Hz,
2H); C{'"H} NMR (125 MHz, [DgIDMSO): 6 =104, 27.4, 345, 35.9,
39.0, 50.4, 58.4, 121.1, 123.4, 127.2, 128.4, 133.8, 139.4, 144.8 ppm;
IR (KBr): 3422, 2904, 2847, 1526, 1453, 767, 746 cm™"; MS (ESI): m/z
(%): 3203 [MI*T (100); elemental analysis calcd (%) for
CauHseBroN,1.1H,0: € 64.40, H 7.15, N 6.83; found C 64.79, H 7.29,
N 7.04.

4,4’-Bis((3-(1-adamantylmethyl)-1 H-benzoimidazolium-1-yl)me-
thyl)biphenyl dibromide 6: Compound 6 was prepared from BMB
(0.2001 g, 0.59 mmol). The product was obtained as a pale violet
microcrystalline powder (436 mg, 85%). M.p.>330°C; 'HNMR
(500 MHz, CD;0D/CDCly): 6=1.61 (m, 18H), 1.74 (m, 6H), 2.02 (m,
6H), 4.25 (s, 4H), 5.81 (s, 4H), 7.52 (d, J=8.0 Hz, 4H), 7.63 (m, 8H),
7.80 (d, J=8.1 Hz, 2H),), 7.89 (d, J/=8.2 Hz, 2H), 9.84 ppm (s, 2H);
BC{'H} NMR (125 MHz, CD,0D/CDCly): 6=28.9, 35.7, 37.0, 51.5,
59.5, 1145, 115.1, 1282, 128.3, 128.9, 129.5, 131.9, 133.4, 1340,
141.9, 143.1 ppm; IR (KBr): 3422, 3023, 2902, 2846, 1558, 1449,
1432, 1381, 1367, 1345, 1200, 1180, 774cm™"; MS (ESI: m/z
(%):3563 [MI** (100); elemental analysis caled (%) for
CsoHssBrN,-H,0: C 67.41, H 6.56, N 6.29; found C 67.54, H 6.54, N
6.01.

4,4"-Bis((3-(1-adamantylmethyl)-2-methyl-1 H-benzoimidazolium-
1-yl)methyl)biphenyl dibromide 7: Compound 7 was prepared
from BMB (0.0802 g, 0.24 mmol). The product was obtained as
a colorless microcrystalline powder (109 mg, 51%). M.p.>330°C;
'H NMR (500 MHz, CD,0D/CDCl;): §=1.64 (m, 18H), 1.73 (m, 6H),
2.02 (m, 6H), 2.96 (s, 6H), 4.25 (s, 4H), 580 (s, 4H), 7.29 (d, J=
8.5 Hz, 4H), 7.62 (m, 8H), 7.80 (d, J=7.6 Hz, 2H),), 7.89 ppm (d, /=
7.2 Hz, 2H); BC{"H} NMR (125 MHz, CD,0D/CDCl,): §=12.8, 29.0,
37.0, 376, 41.7, 49.6, 58.2, 113.6, 115.3, 127.7, 128.1, 128.3, 1289,
132.2, 1334, 133.8, 141.6, 152.8 ppm; IR (KBr): 3422, 2903, 2849,
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1521, 1472, 1415, 787, 778 cm™'; MS (ESI): m/z (%): 370.3 [MI*"
(100); elemental analysis calcd (%) for Cs,HgoBroN,3.5H,0: C 64.79,
H 7.01, N 5.81; found C 64.79, H 7.29, N 6.02.

General procedure for the synthesis of the diiodides 4 and 5:
4,4'-Bis-((2-methyl-1H-imidazol-1-yl)methyl)biphenyl or 4,4"-bis((1H-
imidazol-1-yl)methyl)biphenyl (1 equiv) was dissolved in methyl
iodide (100 equiv.) under an inert atmosphere. The mixture was re-
fluxed until the starting material was consumed. After the removal
of residual methyl iodide under reduced pressure, the crude prod-
uct was triturated with freshly distilled diethyl ether or THF several
times. Solid products were dried under vacuum and used without
further purification.

4,4'-Bis((3-methyl-2-methyl-1 H-imidazolium-1-yl)methyl)biphen-
yl diiodide 4: Compound 4, prepared from biphenyl precursor
(0.095 g, 0.28 mmol), was obtained as a pale yellow microcrystal-
line powder (147 mg, 85%). M.p.=289-294°C; "H NMR (500 MHz,
[DeIDMSO): 6 =2.64 (s, 6H), 3.79 (s, 6H), 5.48 (s, 4H), 7.44 (d, J=
85Hz, 4H), 7.69 (d, J=21Hz, 2H), 771 (d, J=84 Hz, 4H),
7.76 ppm (d, J=2.1 Hz, 2H); “C{"H} NMR (125 MHz, [D,]JDMSO): 6 =
9.6, 34.9, 50.2, 121.2, 122.7, 127.2, 128.4, 134.0, 139.4, 144.6 ppm;
IR (KBr): 3417, 3084, 3069, 1588, 1536, 1503, 1448, 1405, 1377,
1276, 1241, 1169, 807, 759, 662, 477 cm™'; MS (ESI): m/z (%):499.1
[M+%171% (3), 275.2 (7), 186.1 [MI** (100), 138.1 (53), 97.1 (4); ele-
mental analysis calcd (%) for Co4Hy5l,N,-0.5H,0: C 4537, H 4.60, N
8.82; found C 45.66, H 4.60, N 8.75.

4,4'-Bis((3-methyl-1 H-benzimidazolium-1-yl)methyl)biphenyl
diiodide 5: Compound 5, prepared from biphenyl precursor
(0.0548 g, 0.13 mmol), was obtained as a pale yellow microcrystal-
line powder (84 mg, 91%). M.p.=271-274°C; "H NMR (500 MHz,
[D6]DMSO): 6 =4.11 (s, 6H), 5.82 (s, 4H), 7.59-7.71 (m, 12H), 7.98
(d, J=80 Hz, 2H), 8.04 (d, J=8.0 Hz, 2H), 9.86 ppm (s, 2H); *C{'H}
NMR (125 MHz, [D¢]DMSO): 6 =33.5, 49.4, 113.7, 113.8, 126.6, 126.6,
127.2, 128.9, 130.7, 132.0, 133.5, 139.6, 142.9 ppm; IR (KBr): 3429,
3029, 3019, 1568, 1461, 1453, 772, 759 cm™"; MS (ESI): m/z (%):
222.2 [MI** (100); elemental analysis calcd (%) for CyH,gl,N,-H,O C
50.30, H 4.22, N 7.82; found C 50.58, H 4.11, N 7.93.
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An adamantane-based disubstituted binding motif
with picomolar dissociation constants for cucurbit
[nlurils in water and related quaternary assemblies}

E. Babjakova,® P. Branna,® M. Kuczynska,® M. Rouchal,® Z. Pruckova,? L. Dastychova,®
J. Vicha® and R. Vicha*?

A non-axial centerpiece based on 1,3-disubstituted adamantane was designed, and three new guests were
prepared. In the structure of the heterotritopic guests, the central adamantane site was combined with two
terminal butyl or 1-adamantyl sites. The new central binding motif displayed an extraordinarily high affinity
towards CB8 (K, = (5.3 + 0.3) x 10" M~ in water) to allow formation of quaternary assemblies with
geometries which are dependent on the nature of macrocycles. Based on the individual binding
strengths, the replacement of CB7 by CB8 led to inverse arrangements of the quaternary assemblies; i.e.,
B-CD is capped at the central site by two CB7 units, while the CB8 prefers the central site to be capped

www.rsc.org/advances with two B-CD units.

Introduction

The inclusion complexes of cucurbit[r]uril (CBn) macrocycles
and cationic guests that are derived from cage hydrocarbons or
ferrocene have attracted significant interest in host-guest
chemistry over the past two decades due to their outstanding
stability.'® CBn is a rigid barrel-like shaped molecule with
a non-polar cavity and two symmetric portals that are rimmed
with carbonyl groups. Therefore, the best suited guests for CBn
hosts consist of a hydrophobic central part to fill the cavity and
two cationic substituents that are oriented along an axis to
enable ion-dipole interactions with the opposite portals. Thus,
it is not surprising that the strongest inclusion complex that has
been reported to date was for 4,9-bis(trimethylammonium)-
diamantane with CB7.%” In contrast to diamantane and other
extensively used scaffolds, bicyclo[2.2.2]octane® and ferrocene,’
which can bear two substituents that are located essentially
along the axis, the two substituents at the adamantane (Ad)
bridgehead positions adopt a tetrahedral orientation with an
angle of 109.5°. To the best of our knowledge, there are only
three examples of 1,3-disubstituted Ad dicationic guests for
which the binding strengths with CB7 and CB8 have been re-
ported.’®** 1,3-Bis(trimethyl-ammonium)adamantane diiodide
has K, values with CB7 and CB8 of 6.42 x 10* M " (in 50 mM

“Department of Chemistry, Faculty of Technology, Tomas Bata University in Zlin,
Vavreckova 275, 760 01 Zlin, Czech Republic. E-mail: rvicha@ft.uth.cz; Tel: +420
576 031 103
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760 01 Ziin, Czech Republic

+ Electronic supplementary information (EST) available: "H and *3C NMR spectra,
titration data, and mass spectra. See DOI: 10.1039/c6ra23524g
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CD;CO,Na/D,0) and 1.11 x 10" M™* (in 50 mM CD;CO,Na/
D,0), respectively. Adamantane-1,3-diamine and 1,3-bis(4,5-
dihydro-1H-imidazol-2-ylJadamantane have K, values with CB7
0f 2.06 x 10° M~ (in 50 mM CD;CO,Na/D,0) and 1 x 10* M "
(in water), respectively (the K, values with CB8 were not re-
ported). It should be noted that the binding strengths of these
dicationic guests towards CB7 are significantly lower than those
of corresponding singly substituted derivatives, where the
magnitude of K, reaches 10" M™% Thus, the Ad scaffold has
been employed as a terminal binding site in guest molecules
that display interesting supramolecular behaviors.”**” The 1,3-
disubstituted Ad cage has also been incorporated into macro-
cyclic molecules as a bent motif which allows for the prepara-
tion of macrobicyclic derivatives of cyclen and cyclam,*®
cryptands,” macrocyclic lactames binding squarine,*® and
adamantanophanes.”* 1,3-Disubstituted Ad has also been
utilized as a suitable linker for quadruple H-bond-based
binding motifs, which are capable of self-assembling into
cyclopentameric complexes. In this paper, we present the first
(to the best of our knowledge) preparation of multitopic guest
molecules with a central binding site derived from a 1,3-
disubstituted Ad cage (Fig. 1) and describe its binding
properties.

Results and discussion

As a part of our ongoing research on multitopic guests, we
prepared three new ligands (5-7; Fig. 1). Commercially available
dicarboxylic acid 1 was used as the starting material for the
preparation of the central motif and was converted to the
compound 4 by a sequence of esterification, reduction, and the
Appel reaction with a high overall yield of 71%. In the final step,

I'his journal is © The Royal Society of Chemistry 2016
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Fig.1 Synthesis of guests 5-7 (top) and the host molecules that were
used in this study (bottom).

we reacted 4 with three 1-alkylimidazoles to yield the corre-
sponding bisimidazolium dibromides 5-7 at satisfactory overall
yields of 43-70%. Compound 5 represents a model guest with
only a central adamantane binding site, while guests 6 and 7
contain the additional terminal binding sites n-butyl and 1-
adamantylmethyl, respectively, which have different affinities
towards particular hosts.

To overcome the steric disadvantage of 1,3-disubstituted
adamantane, we used flexible ethylene linkers between the
central Ad and imidazolium units. Due to the lack of informa-
tion about this binding motif, we initially focused on examining
the binding behavior of model guest 5 towards hosts with
suitable inner cavity dimensions; i.e., CB7, CB8, and B-CD.
Guest 5 interacts with B-CD following a fast exchange mode on
the NMR timescale, and all of the Ad and ethylene signals are
shifted downfield (see Fig. S10t1). Because of the well-known
magnetic anisotropy of B-CD,** we assume that the Ad cage is
included in the B-CD cavity. The association constants K, = 1.82
x 10* M~ (in water) and 1.71 x 10* M™* (in 50 mM AcONa
buffer), which were determined by means of isothermal titra-
tion calorimetry (ITC), are comparable to that obtained for other
adamantane-based guests (Table 1).252¢ It should be noted that
all binding experiments were initially performed in pure water
or an aqueous NaCl solution because there is no need for
buffering of the solutions of our permanent imidazolium
cations. Nevertheless, we determined the thermodynamic
parameters for the model guest 5 also in a sodium acetate buffer
to enable easier comparison with previously published data (for
full thermodynamic data, see Table S11). By examining the

RSC Advances

complexes of 5 with CB7 and CB8 using NMR titrations, we
observed rapid formation of 1: 1 complexes in slow exchange
mode in both cases. In addition, a significant increase of the
solubility of CB8 was observed during the titration of 5 by a fine
dispersion of CB8 in 50 mM NaCl. No remaining solid CB8 was
observed at the final concentration of 1.1 mM. Note in Table 1
that the guest 5 is better suited for CB8 by factor of 32.3 in water
(9.7 in AcONa buffer). This observation can be likely explained
by better accommodation of hindered 1,3-disubstituted ada-
mantane scaffold by wider CB8. The strength of the 5@CB7
complex (Table 1, for full ITC data, see Table S1t) is comparable
to that of singly substituted adamantane-based guests. We
speculate that the expected steric hindrance of the disubsti-
tuted Ad cage inside the CB7 cavity is compensated for by the
ion-dipole interactions of two imidazolium rings with the CB7
portals.

To determine the possible orientation of guest 5 inside the
hosts, we performed optimization calculations at the B3LYP/6-
31G(d,p) level with a D3 dispersion correction and the
COSMO solvent model (water) (for details and corresponding
references, see Computational details). Fig. 2 shows top and
side views of the minimized structures. Note that the Ad cage of
5 is shifted markedly from the virtual plane of the glycosidic
oxygen atoms towards the primary rim of the f-CD likely due to
steric hindrance between the C(6)H,OH groups of $-CD and the
imidazolium ring. In contrast to the nearly ideal symmetric
geometry of CB7 in the complex 5@CB7, with the Ad cage
positioned near the center of gravity of the CB7, the Ad cage of 5
in 5@CBS8 is shifted from the central position and is accom-
panied by tilting of the two opposite glycoluril units.

Subsequently, the intrinsic stability of the 5 host aggregates
in the gas phase was studied by ESI-MS. The [M + host]*" cations
were isolated in an ion trap and treated under collision-induced
dissociation (CID) conditions. Fig. 3 shows the plot of the
relative intensity of the [M + host]*" signal against the CID
amplitude. The observed stabilities 5@CB8 = 5@CB7 > 5@8-
CD correlate well qualitatively with the association constants
that were obtained by calorimetric titrations, see Table 1. For
comparison, we also measured 5-«-CD, which is expected to be
aweak non-specific aggregate, and Ad—NH; Cl~@CB7 with the
previously reported value K, = 4.17 x 10" M~ ".*® Although the
MS data correlate well with K, it should be noted that frag-
mentation upon CID conditions combines the dissociation of
the supramolecular aggregate and cleavage of its molecular

Table 1 ITC-determined values of K,% [M™Y] for the interactions of 5—7 with CB6, CB7, CB8, and $-CD at 303 K

Guest CB6 CB7 CB8 B-CD

5 nb (1.64 + 0.09) x 10112¢ (5.3 + 0.3) x 1024 (1.82 + 0.01) x 10*
5 nb (3.5 +0.3) x 10"%* (3.4 £ 0.2) x 1011%¢ (1.71 4 0.08) x 10
6 (1.23-1.36) x 109 (1.29 + 0.11) x 10112¢ (3.29 + 0.15) x 10224 (1.65 + 0.01) x 10*
7 nb omb omb (0.18-6.31) x 10°%F

“ All titrations were performed in triplicate. The K, values are reported for a single binding site. ° Experiments were carried out in water. ¢ 1,6-
Hexamethylene diamine-2HCI was used as a competitor. ¢ 1-Adamantaneamine - HC] was used as a competitor. ¢ Experiments were carried out
in 50 mM AcONa. / Various fitting models were used. See Table S1 and comments in the text for detail. nb = no binding, omb = off-model

binding. £ Experiments were carried out in 2.5 mM NaCl.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Energy-minimized structures of the 5@B-CD (A), 5@CB7 (B),
and 5@CB8 (C) complexes.

components (note that Ad—NH;" is likely much more stable
than 5 in the complex with CB7).

Having obtained these promising data, we examined the
binding behavior of guest 6, which contains two additional
terminal butyl binding sites. We use the superscripts “T” and
“C” to denote the positioning of particular macrocycles at the
terminal and central binding sites, respectively. The NMR and
ITC data of the binary complexes of 6 with CB7, CB8, and -CD
indicate that the binding behavior of 6 is very similar to that of
5; Le., 6 forms 1 : 1 complexes with all of these macrocycles in
a pseudorotaxane manner with the central Ad cage included
inside the cavity. However, in complex of 6 with CB6, hosts
occupy both terminal sites with K, values similar to those of
other alkylimidazolium salts*” forming the 2:1 complex
6@CB6, as "H NMR titration experiment clearly indicate
(Fig. S147). To support this hypothesis, we performed calori-
metric titration of CB6 with the guest 6 which provided a single-
ramp binding isotherm with inflexion at x¢ = 0.47. We
employed “One Set of Sites” and “Two Sets of Sites” models to
obtain consistent values of K, for single terminal site (K, ~ 1.3
x 10° M, for full data, see Table S1t). In contrast, fitting
procedure using a “Sequential Binding” model did not converge
on reasonable binding parameters. Upon these findings, it can
be inferred that each site binds the CB6 unit independently.

1.04 BEBRRRE .»:o\;++++++++\ R 5@CB7
\ - .
z y \ | —e— 5@CB8
B o2 | | —+— sa@pD
= boie + ~—v— 5/0-CD
& o6 | .
2 = ‘ & —+— AdNH,"@CB7
2 \ |
5 04 ‘ e\ |
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Fig. 3 Intrinsic gas-phase stability of 5@host complexes.
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Subsequently, we examined whether guest 6 is capable of
forming a ternary or quaternary assembly; i.e., a complex with
two different macrocycles. Our experiment can be followed by
examining the stacked "H NMR spectra in Fig. 4. Initially, four
molar excess of B-CD was added to the solution of guest 6 in
50 mM NacCl in D,O (the NaCl solution was used to increase
solubility of CB6). The significant downfield shift of the signals
that were related to the central Ad cage implies the formation of
6@B-CDC. According to B-CD selectivity towards the butyl and
the adamantane site (Kyq/Kg, ~ 1000), the terminal sites
remained free to allow further binding. Subsequent stepwise
addition of the solution of CB6 led to a small but unambiguous
downfield shift of the adamantane H; signal. In contrast, the
signals of the butyl chains were markedly shifted upfield.
Broadening and/or overlapping of the peaks in the range of 1.4~
1.8 ppm in final stages of titration can be attributed to increase
in number of the adamantane peaks (particularly Hy, and Hy) as
these H-atoms became non-equivalent inside the chiral CD
cavity. Considering that CB6 does not bind the Ad site due to
incompatible geometries, B-CD strongly prefers the Ad site, and
there is no expectation of significant repulsion between the B-
CD and CB6 units, the above mentioned observations can be
explained by the positioning of the two CB6 units at butyl
chains, whereas B-CD remained bound to the central Ad site to
form quaternary assembly 6@(B-CD®,CB63).

The second examined multiple-binding-site guest 7 consists
of two high-affinity terminal Ad-based sites in addition to the
title central site. Initially, its complexation by CB7 was studied.
The NMR data (upfield shift of the terminal adamantane
signals) clearly imply that the terminal Ad sites of 7 are occupied
by CB7 to form 7@CB7" at low CB7 concentrations and
7@CB73 with excess of CB7 (see Fig. $181). Simultaneously, the
signals of the central adamantane hydrogen atoms were more
shielded as the central adamantane cage was positioned close
to the CB7 portals. Because no change of the guest signals
intensities and/or positions was observed after addition of

more than two equivalents of CB7, we infer that
m a
h e c
% - N/\\N+ b
Ik ! \—/ d
® & 6:CB6-CD
@@T@ i & b ap B
1:2.5:14

1:0:0
——T——T—T —
10 08 06 04 02 00

24 22 20 18 16 14 12
ppm

Fig.4 Stacking plot of a portion of the *H NMR (500 MHz) spectra of 6
(1.83 mM) and its complexes recorded in a 50 mM NaCl solution in
D,O at 303 K.

This journal is © The Royal Society of Chemistry 2016
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7@CB7; predominated in the solution and no significant
amount of 7@(CB73,CB7°) and/or 7@(CB7",CB7°) was formed.
1t should be noted that formation of the two last mentioned
complexes is most unlikely because such complexes, with two
CB units which are arranged around one cationic moiety, suffer
from strong electrostatic repulsion between two adjacent CB
portals. Unfortunately, determination of the association
constant for terminal Ad site of the guest 7 with CB7 via ITC was
disabled because of too long equilibration when competitor was
used. Although the binding constant remained unavailable, the
binding isotherm which was obtained without any competitor
(see Fig. 5, left) suggests that two binding sites were occupied
within a simple binding event (only one slope was observed with
inflexion at xcy, = 2). Combining this observation with *H
NMR data, we speculate that the ternary complex 7@CB7; is
formed with binding strength of CB7 at Ad® significantly
exceeding that at Ad®. If the value of K, for Ad" site and CB7
would be lower than that for Ad®, the occupation of the central
Ad site, not the terminal one, could be expected at low CB7
concentrations. The formation of 7@CB7, would follow only
with the excess CB7. This is however not the case. Thus, we
assume that the binding constant of CB7 at Ad” is likely similar
to that obtained for the model guest 1-(1-adamantylmethyl)-3-
methylimidazolium iodide (AMI) and CB7 (ie., 3.7 x 10"
M, for more information, see ref. 28). This would provide the
two sequential bindings of CB7 at terminal Ad sites of the guest
7 with no substantial participation of the central site (K, for Ad®
site of 7 could be similar to that of 5, i.e., (1.64 = 0.09) x 10"

, 7
CBLE T \CBY 8 NS
=0-0-{0 0-/0-0.-0-0-0
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Fig.5 Assumed binding events and binding isotherms obtained by ITC
for titration of the guest 7 with CB7 (left) and with CB8 (right) (guest in
the cell, host in the syringe) in water at 303 K. Unlike conversions are
denoted by dotted arrows. Initial concentrations: ccg; = 0.3465 mM,
c; = 0.0036 mM; ccgg = 0.1082 mM, c; = 0.0084 mM. Energy
differences between the two distinct 1 : 1 complexes were calculated
using model guests.
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M) as depicted in Fig. 5 (left). Subsequently, we treated the
guest 7 with CBS8. Unfortunately, limited solubility of CB8
disabled NMR data of sufficient quality. Although the appearing
of the second set of signals of aromatic hydrogen atoms clearly
indicated some binding in slow-exchange manner, the signals
of adamantane hydrogen atoms became too broad to allow
unambiguous assignment. Binding isotherm which was recor-
ded for competitive calorimetric titration of CB8 with the guest
7 did not fit any available model. However, two slopes were
clearly observed when titration was performed without
competitor as can be seen in Fig. 5 (right). Considering binding
strengths of individual sites which were obtained using model
compound 5 and AMI (K, for CB8 and AMI in water at 303 K is
(1.07 £ 0.15) x 10™ M%), we assume that two subsequent
distinct binding events took place when molar fraction of the
guest was lower than 1.0. In other words, the CB8 unit was
bound initially at Ad" and then moved to Ad® to form the
complex 7@CB8® predominantly. This complex was trans-
formed with the excess CB8 to 7@CB8; since the positioning of
the two CB8 units around one cationic moiety is not preferred
(Fig. 5, right). Consistent results were obtained when titrations
were performed in inverse mode, i.e., the host in the cell was
titrated with CBn (see Fig. S23t). These observations indicate
different preferences of CB7 and CB8 towards available binding
sites of the guest 7 to enable preparation of quaternary
complexes with various arrangements of the CDs and CBs
macrocycles as demonstrated bellow. Finally, we examined
binding behavior of 7 towards B-CD. In the "H NMR spectra that
were recorded during the titration of 7 with B-CD, significant
deshielding of both the central and terminal Ad cages was
observed. The Job plot that was constructed for this system
suggested a stoichiometry 1 : 2 (7 : B-CD). However, the analysis
of the ITC data implies that more than two binding sites can be
occupied by B-CD at once (Fig. S177).

Our previous work showed that similar guests with
a biphenyl central site can form rotaxane-like complexes in
which one $-CD unit is firmly trapped at the central site by two
CB7 units at the terminal Ad sites.?® Fig. 6 shows the "H NMR
titration experiment that confirms the ability of 7 to form
a similar quaternary assembly. Initially, we added 5 eq. of B-CD
to the solution of 7 in water. As discussed above, the significant
downfield shift of all of the Ad signals suggests that at least two
binding sites are occupied. The subsequent addition of the CB7
solution led to the large upfield shift of the terminal Ad signals,
whereas the H-atoms in the central Ad cage were significantly
deshielded. Because the deshielding of the central part of the
guest is much higher than the deshielding that would originate
solely from the portal effect of the CB7 units,”* we can
conclude that this NMR experiment confirms the formation of
the 7@([5—CDC,CB7}) assembly. As was demonstrated in our
previous work, binding of CB7 units at both terminal sites of the
tritopic Ad-terminated bisimidazolium guest disabled the
central biphenyl site for $-CD.*® In the case of compound 7, we
observed significant deshielding of the hydrogen atoms of the
central Ad cage after addition of an excess of B-CD into a solu-
tion which contained 7@CB7;. However, we observed only
single set of the B-CD signals. These observations imply that

RSC Adv., 2016, 6, 105146-105153 | 105149
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Fig. 6 Stacking plot of a portion of the *H NMR (500 MHz) spectra of
guest 7 (1.83 mM) titrated with B-CD and CB7 in D,O at 303 K. Signals
of the central Ad deshielded by B-CD are shown with asterisks.

some non-specific aggregate (7@CB73)-B-CD is formed more
likely than 7@(CB73,B-CD).

The binding data of 5 suggests a high affinity of the central
site in guest 7 towards CB8. In addition, as discussed above,
CB8 slightly prefers the central site over the terminal site.
Subsequently, we performed "H NMR titrations to determine
whether guest 7 can form quaternary assemblies with the CB8
unit that is trapped at the central site. Although guest 7 inter-
acts with CB8 in water, the broadening of the shielded proton
signals does not allow unambiguous assignment of the signals
(Fig. 7). It should be noted that during this stage of the exper-
iment, some CB8 remained undissolved. After the subsequent
addition of an excess of 3-CD, the sharp signals of the central Ad
appeared. Compared to the spectrum of the free guest, the
signals of the central Ad are shielded, whereas the terminal Ad
signals are deshielded. These observations can be rationalized
by the predominant formation of complex 7@(B-CD3,CB8). In
other words, the CB8 unit is fixed at the central binding site with
two B-CDs that are positioned at the terminal sites. The molar
fraction of the CB8-complexed guest was calculated immedi-
ately after the addition of B-CD using signal b (overlapping

Cc
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Fig.7 Stacking plot of a portion of the 'H NMR (500 MHz) spectra of
guest 7 (1.83 mM) titrated with B-CD and CB8 in 50 mM NaCl solution
in D,O at 323 K. The signals of 7@CB8 and 7@B-CD, are denoted by *
and 1, respectively.
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signals of all of the terminal Ad; Fig. 7) and signals i-m (related
to the central Ad that was complexed with CB8) to be 0.51.
However, the fraction of this quaternary assembly increased to
0.84 after 85 days of standing at room temperature. This
increase can be attributed to the CB8 slow dissolving rather
than slow equilibration process because of only one set of
signals for CB8 was observed in the "H NMR spectra. These CB8
signals displayed the same diffusion coefficient in a DOSY
experiment as signals of the guest (see Fig. S20a in the ESIYt).
Additional support for the complex hypothesized above can
clearly be observed in a ROESY spectrum (Fig. S191). Whereas
the cross-peaks of the terminal Ad and inner 3-CD H3 and H5
suggest the inclusion of terminal Ads into B-CD cavities, the
positioning of the CB8 at the central Ad can be demonstrated by
the intermolecular interaction of the Ho from CB8 and Hc from
the terminal adamantanes.

Both quaternary assemblies consisting of guest 7 (i.e., 7@(B-
CD3,CB8%) and 7@(B-CD,CB7)) were detected by ESI-MS (for
the spectra, see Fig. S38 and S37,T respectively). The proposed
composition of these complexes was supported by a tandem
mass spectra analysis that revealed subsequent releases of the
host molecules.

Experimental
General

Unless otherwise stated, all of the starting material, reagents
and solvents were purchased from commercial sources and
used without further purification. The adamantane-1,3-
diacetic acid was obtained as a gift from Provisco CS Ltd.
The melting points were measured using a Kofler block and
are uncorrected. The elemental analyses (C, H, N) were per-
formed on a Thermo Fisher Scientific Flash EA 1112. The NMR
spectra were recorded on Bruker 300/500 spectrometers that
operate at frequencies of 300.13/500.11 MHz (*H) and 75.77/
125.77 MHz (**C). "H and "C-NMR chemical shifts were
referenced to the solvent signals ['H: é(residual DMSO-ds) =
2.50 ppm, 6(HDO) = 4.70 ppm, é(residual CHCl;) = 7.26 ppmy;
BC: 6(DMSO-dg) = 39.52 ppm, §(CDCl;) = 77.16 ppm]. The
signals were assigned as follows: s = singlet, t = triplet, and m
= multiplet with J values in Hz. The IR spectra were recorded
using KBr discs with a Mattson 3000 FT-IR instrument, and »
was reported in em ™", The electrospray mass spectra (ESI-MS)
were recorded using an amaZon X ion-trap mass spectrometer
(Bruker Daltonics, Bremen, Germany) that was equipped with
an electrospray ion source. All of the experiments were con-
ducted in the positive-ion polarity mode. The instrumental
conditions that were used to measure the single imidazolium
salts and their mixtures with the host molecules were
different; therefore, they are described separately. Single
imidazolium salts: Individual samples (with a concentration
of 0.5 ug cm °) were infused into the ESI source in meth-
anol : water (1:1, v/v) solutions using a syringe pump with
a constant flow rate of 4 ul min~"'. The other instrumental
conditions were as follows: an electrospray voltage of —4.2 kv,
capillary exit voltage of 140 V, drying gas temperature of
220 °C, drying gas flow rate of 6.0 dm® min~" and nebulizer
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pressure of 55.16 kPa. Host-guest complexes: An agueous
solution of the guest molecule (6.25 pM) and the corre-
sponding host molecule (1.0-5.0 equivalents) for the binary/
ternary complexes or an agueous solution of the guest mole-
cule {6.25 uM) and the corresponding host moleeules (1.0-5.0
equivalents) for the quaternatry complexes was infused into the
ESI source at a constant flow rate of 4 pl min *. The other
instrumental conditions were as follows: an electrospray
voltage of —4.0 kv, capillary exit voltage of from —30 to 140V,
drying gas temperature of 300 °C, drying gas flow rate of 6.0
dm® min *and nebulizer pressure of 206.84 kPa. Nitrogen was
used as the nebulizing and drying gases in all of the experi-
ments. The tandem mass spectra were collected using
collision-induced dissociation {CID) with He as the collision
gas after isolating the required ions. The isothermal titration
calorimetry measurements were carried out in H, 0 using a VP-
ITC MicroCal instrument at 303 K. The concentrations of the
host in the cell and the guest in the microsyringe were
approximately C.35-0.05 and 3.50-0.50 mM, respectively. The
exact concentrations of CBa stock solutions were determined
by the ITC titration of stable and non-hygroscopic guests
which are known to form 1:1 complex (e, l-ada-
mantaneamine-HCl for B-CD, CB7, and CGB8 and 1,6-hex
anediamine-2HCI for CB6; purity was checked by elemental
analysis prior titration). The raw experimental data were
analyzed with the MieroGal ORIGIN software. The heats of
dilution of each guest compound were taken into account. The
data were fitted to a theoretical titration curve using the “One
Set of Sites”, “Two Sets of Sites”, or “Sequential Binding”
model 1,6-Hexanediamine - 2HCl with K, ow» = (2.05 £ 0.08) ¥
10° M * (water) and K, cg; = (2.84 £ 0.22) x 10" M ' {50 mM
CH,CO,Na buffer) and 1-adamantaneamine - HCl with K, cpe =
(2.79 £ 0.15) x 10" M " and K, cps = (2.50 £ 0.16) x 10°M *
{50 mM CH,CO,Na buffer) were used as compettors.® The
enthalpy for competitive experiment was caleulated as a sum
of enthalpies for each step in competitive sequence. These AF
values were verified by independent titration without
competitor (see, Table §17).

1,3-Bis(2-hydroxyethan-1-yljadamantane (3). The dimethyl
dicarboxylate 2 (2.4 g, 8.6 mmol) was dissolved in 16 em® of dry
THF, and the reaction flask was placed into a crushed ice-water
bath. The THF-BH; as a 1 M THF solution (35 cm®, 35 mmol)
was added within one hour at —5 to 0 °C. Subsequently, the
miixture was stirred for 1 h at -5 to 0 °C and an additional 48 h
at room temperature until the starting material disappeared.
The reaction was quenched with 10 cm® of water and 18 em® of
3 M water solution of NaOH. The mixture was extracted with
several portions of hexane and diethyl ether, the combined
organic portions were dried over Na;80,, and the solvents were
evaporated under reduced pressure. The diol 3 was isolated as
a colorless erystalline powder {1.81 g, 34%) with mp = 118-
120 °C {compared with values from the literature®® of mp = 117-
118 °C). No further purification was needed. "H NMR {CDCl;):
& 1.28 (s, 2H), 1.37-1.51 (m, 14H}, 1.58 (m, 2H), 2.00 {m, 2H),
3,70 {m, 4H). 2*C {*H} NMR [CDCl3): 29.10, 32.7, 36.6, 42.3, 47.0,
48.3, 58.9. (KBr): 3301 {m), 2907 {n), 2874 {m1), 2838 {m), 1447
{m), 1035 (5), 1021 (s}, 967 (W), 669 [w), 615 (n1) em *.
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1,3-Bis(2-bromoethan-1-yljadamantane (4). Diol 3(1.82 ¢, 8.1
mmol) and CBr, {5.05 g, 15.2 mmol) were dissolved in 22 em® of
dry dichloromethane. Subsequently, the triphenylphosphine
(4.67 g, 17.8 mmol) was added portionwise within 30 min at
0 °C. The mixture was stirred at room temperature until the GC-
MS analysis indicated complete consumption of the starting
compound 3. The reaction was quenched with 12 em? of water,
the agueous portion was extracted with CH,Cl;, the collected
organic portions were washed with 3 x 15 em® of saturated
NaHCO; solution and dried over Na,$0,, and the solvent was
removed under reduced pressure. The obtained solid material
was triturated with pentane several times, and the collected
liguid portions were passed through a celite pad until all of the
POPh, had been removed. The solvent was then removed under
reduced pressure to obtain the crystalline product 4 (2.44 g,
869} with mp = 45-48 °C (compared with the values from the
literature® of 45-47 °G). This material was used in the next step
without further purification. "H NMR {CDCL): & 1.26 (s, 2H),
1.45 {m, 8H), 1.58 (m, 2H), 1.74 {11, 4H), 2.04 {m, 2}, 3.39 {m,
4H). **C {"H} NMR {CDCly): 3 28.7, 28.8, 34.7, 36.4, 41.6, 47.0,
47.8. IR (KBr): 2903 (g), 2846 (3), 1446 (g), 1363 (w), 1343 [w),
1329 (m), 1239 (w), 1219 {m), 1153 {12}, 662 (s}, 562 (s)em .

General procedure for the preparation of guests 5-7

The corresponding  1-methyl, 1-butyl, 1{1-ada-
mantylmethyljimidazole (4 eq.) was dissolved in dry toluene (2
em?®), and 1 eq. of 4 was added at room temperature. The
mixture was stirred under inert atmosphere at §0-100 °C and
monitored by thinlayer chromatography. When the starting
material had been consumed, the erude produet was isolated
from the reaction mixture by addition of freshly distilled DEE or
THF. The crude material was washed with plenty of DEE or THF
under sonication and separated by centrifugation if applicable.
The resultant colorless microerystalline powder (7) or 0il {5 and
6) wag dried in vacuum to a constant weight; however, the
elemental analyses revealed that some water and/or THF was
still present. This material was used for further binding studies,
and the water and/or THF molecules were taken into account.

1,3-Bis[2-(3-methylimidazolonio-1-yljethylJad amantane dibro-
mide (5). Compound 5 was prepated from 6.1 g (0.29 murol) of
dibromide 4. The product was obtained as a colorless viscous oil
in the yield of =99%. Anal. caled for C;;H3 BrN,-2H,0: C,
48.01%:; H, 6.96%; N, 10.18%: found C, 47.93%; H, 6.96%:; N,
10.33%. “H NMR [DMSO-ds): 4 1.33 (s, 2H), 1.41-1.51 {tmn, 8H),
1.58 {m, 2H), 1.62-1.65 {m, 4H), 2.02 (m, 2H)}, 3.86 (s, 6H), 4.21-
4.24 (m, 4H), 7.72 {11, 2H), 7.84 (1, 2H), 9.29 (3, 2H) ppm. *C {'H}
NMR (DMSO-dg): & 28.1, 32.3, 35.6, 35.7, 40.7, 43.1, 44.4, 46.2,
122.3, 123.5, 126.5 ppi. IR (KBr): 3149 (vw), 2004 (w), 2845 (1),
1634 (g), 1572 (5), 1449 (w), 1344 (vw), 1168 (vg), 1106 {w), 851 (£},
755 {m), 667 (w), 623 (m) em . ESI-MS: 433.3/435.3 M + Br [,
353.4 [M™ - HY, 2713 (MY - GH,N,T, 177.2 [M]™, 83.3
[C4HoNg " e

1,3-Bis[2-(3-butylimid azolonio-1-yljethylJadamantane dibro-
mide (6). Gompound 6 was prepared from 0.1 g (0.29 mmol) of
dibromide 4. The product was obtained as a colorless liquid in
the yield of 60%. Anal. ealed for C,3H BN, - 1.6H,0: C, 53.61;

and
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H, 7.91%; N, 8.93%; found C, 53.69%; H, 8.18%; N, 8.54%. 'H
NMR {DMSO-d,): & 0.89 {t, *fiy = 7.4 Hz, 6H), 1.21-1.28 {m, 4H),
1.32 (s, 2H), 1.40-1.50 (1, 8H), 1.58 {1, 2H), 1.63-1.66 (m, 4H),
1.75-1.81 {11, 4H), 2.01 {f1, 2H), 4.18 (t, *fury = 7.1 Hz, 4H), 4.22-
4.25 (m, 4H), 7.82 {m, 2H), 7.87-7.88 (m, 2H), 5.41 {5, 2H) ppm.
Bo {*H} NMR (DMSO-d.): & 13.2, 18.7, 28.1, 31.2, 32.3, 35.6,
40.6, 43.0, 44.5, 46.2, 48.2, 122.3, 122.5, 135.5 ppm. IR {(KBr):
3134 (g), 3074 (8), 2961 (8), 2927 (sh), 2905 (s}, 2873 (ch), 2847
(vs), 1628 (w), 1562 (vs), 1461 (w), 1448 [w) 1365 (w), 1162 (w),
1026 (w), 865 (5}, 754 (11}, 645 (w) el *. ESI-MS: 219.3 [M]*" m/fz.

1,3-Big{2-[3(1-adamantylmethyl)imidazolonio-1-y1]ethyl}
adamantane dibromide (7). Gompound 7 was prepared from
0.1 g {0.28 mmol) of dibromide 4. The product was obtained ag
a colorless microerystalline powder in the yield of 81%. Mp =
122-195 °C, anal. caled for C,;Hg,BroN, - 0.8THF - H;O: C, 63.24;
H, 8.27%; N, 6.53%; found C, 63.27%; H 8.35%; N, 6.27. "H NMR
(DMSO-d): § 1.33 (s, 2H), 1.37-1.49 {m, 8H), 1.44 (m, 12H}), 1.52-
1.67 (m, 12H}, 1.52-1.55 {rr1, 2H), 1.65-1.68 (1, 4H), 1.85 {11, 6H),
1.99 (m, 2H), 3.92 {8, 4H), 4.26-4.29 (m, 4H), 7.69 {m, 2H), 7.51
(i1, 2H), 9.35 {5, 2H) ppm. *°C {"H} NMR (DMSO-d.): § 27.4, 281,
32.4,33.1, 35.5,36.0, 39.0, 40.6, 428, 44.5, 46.4, 59.8, 121.9,124.0,
136.5 ppnL IR (KBr): 3150 (sh), 3129 (m), 3065 (s), 3040 (g), 2927
(sh), 2918 (sh), 2906 (vs), 2882 (sh), 2845 (vs), 2677 (vw), 2657 (vw),
1561 {vs), 1445 (m1), 1366 {m), 1344 (w), 1315 (w), 1168 {8}, 1156 (5),
1107 {w), 1067 {w), 977 (s}, 837 (tr), 803 (), 783 (w), 719 [w), 664
fw), 644 (w) e . ESI-MS: 311.3 [M]™ myz.

Computational details

Structures of 5, §-CD, CB7 and CB§ and corresponding inelu-
sion complexes were optimized using B3LYP functional®*® and
standard 6-31G{d,p) basis set with COSMO (COnductor-like
Sereening MOdel} solvent model (water). The D3 dispersion
correction® was implemented during the optimizations of
inclusion complexes for better deseription of these non-
covalently bonded species.

Conclusions

Inn conclusion, we demonstrated that the 1,3-disubstituted ada-
mantane scaffold that bears two imidazolium cations bonded viz
ethylene linkers represents an efficient binding site for 5-CD,
CB7,and CBS8. The aggregation constants of guest 5 towards §-CD
and CB7 were comparable with that obtained for singly
substituted adamantane-derived guests. In addition, 5 is the non-
peptde guest with the highest value of &, observed to date {{5.3 4+
0.3) x 16" M * in water and (3.4 £ 0.2) x 10** M * in 50 mM
CHRCO,Na buffer) for 1:1 complex with CB8. Purthermore,
ligands 6 and 7, which feature additional binding sites, were
found to be capable of forming quaternary assemblies in
a pseudorotaxane manner in a water environment. Guests 6 and
7 formed complexes with the §-CD unit at the central site capped
by GB7 or CB6 at both terminal sites; i.e., 6@(B5-CD",CR6;) and
7@(B-CDY,CB73). In contrast, the CB8 was predominantly trap-
ped at the central Ad site by two B-CD units at the terminal sites;
ie, 7@{B-CDy,CB8%). These findings can enable new modalities
in the design and eonstruction of supramolecular systems.
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ABSTRACT: Cubane, an intriguing chemical curiosity first studied in the
early 1960s, has become a valuable structural motif and has recently been
involved in the structures of a great number of prospective compounds. The
first dicationic supramolecular guest § is prepared and derived from a 1,4-
disubstituted cubane moiety, and its binding behavior toward cucurbit[n]urils
(CBn) and cyclodextrins (CD) is studied. The bisimidazolium salt § forms 1:1
inclusion complexes with CB7, CB8, and f#-CD with the respective association
constants (6.7 + 0.5) X 10" M7, (1.5 + 0.2) X 10° M™%, and <10> M~* in
water. The solid-state structures of the S@CB7 and S@CB8 complexes are
also reported.

( :age hydrocarbons have recently been recognized as bindinding with cucurbit[7/8]uril (CB7/8) and f-cyclodextrin

outstanding scaffolds for preparing cationic guests in (p-CD). The structures of the studied guests and hosts are
supramolecular chemistry. Particularly, ammonio derivatives of depicted in Figure 1.
diamantane," adarnantane,2 and b1cydo[222]octane, along
with similar ferrocene® derivatives, have displayed extraordi- 0 H®
narily high association constants toward cucarbit[7]uril which N)L 5041, Oi*
surpass, in some cases, the tightest natural avidin—biotin :[/H (nEB;s) p B-CD
complex. Simultaneously, to obtain the strongest binding by ' 3 on
using structural modifications, high-affinity binding motifs were
employed in various more complex, self-assembled supra- coon NS
molecular systems in an effort to create molecular tools.* In this g \)@f o ,\P
light, it is slightly surprising that derivatives of another highly HooC 7 L CN

symmetric, synthetically feasible cage hydrocarbon, cubane, has
not attracted the interest of supramolecular chemists so far. To
the best of our knowledge, there is only one report describing Figure 1. Structures of hosts and guests used in this study.
cubane binding sites, published by Lincoln and co-workers,
who studied noncharged adamantane/cubane-cyclodextrin 4
conjugates.” Since the initial preparation of cubane by Eaton We employed the Chapman modification" of the original
and Cole in 1964, its derivatives have been investigated in Ea‘ton and CQIessynthesm to prepare cubane-1,4-dicarboxylic
several branches of chemistry. Apart from nitrocubanes, which acid (1), which is a key intermediate in the wide spectrum of
are well-known high-energy materials,® a number of intriguing 1,4-disubstituted cul?anes.‘ Subsequently, the acid 1 was
polymers,” sulfides,” peptides,” and chiral ligands'® have been trans'form‘ed to‘the dibromide 3 using the sequence olf Fls‘her
studied. Biegasiewitz et al. has published a comprehensive esterification with MeOH, reduction, and Appel bromination,
review of recent cubane chemistry.'"' In addition, Eaton as ‘depict‘ed in Sd}eme 1. Dibromide 3 was regcted Wit}} sodiufn
suggested in 1992 that the cubane scaffold can act as a benzene 1m{dazohde vﬁthm 4 hats °Cto Produce intermediate 4 mn
bioisostere (both 1,4-disubstituted), and thus cubane can satlsfactory‘ yield. F“faﬂ}f’ the ‘desued guest S was readily
replace the potentially toxic benzene ring in drug molecules.'> obtained via quaternization with Mel. The sample of the
This hypothesis inspired the preparation of various bioactive dicarboxylic acid 1, which was pure enough for binding studies,
compounds in Wthh the cubane skeleton was incorporated in was obtamed by hydrolysis of the sublimated dimethyl ester of
place of benzene."* The above-mentioned examples demon- acid 1.! ) ) o

strate the recent increased interest in cubane chemistry, and We examined the supramolecular properties of $ using 'H
extensive supramolecular studies can be expected as the next NMR spectroscopy. First, we tested the ability of § to form
logical step. As a part of our ongoing research on cage-

5

hydrocarbon binding motifs, we report here the first Received: April §, 2017
preparation of a dicationic cubane-derived guest and its Published: May 3, 2017

ACS Publications  © 2017 American Chemical Society 2698 DOI: 10.1021/acs.orglett.7b01029
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Scheme 1. Synthesis of Cubane-Based Dicationic Guest 5
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indusion complexes with CB7/8. The 1H NMR spectrum of
guest § shows three signals corresponding to aliphatic H atoms.
Al of these signals appear within the range 3.7—4.4 ppm due to
the electron-withdrawing effects of the adjacent imidazolium
cation or strained structure (Figure 2, line (§i). It should be

equiv CBn
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Figure 2. Stacking plot of a region of the TH NMR (500 MHz) spectra
of guest § (iii) titrated with CB8 (i, ii) and CB7 (iv, v} in D,O at 303
K. For signal assignment, see Figure 1.

noted that signal of H(c) was not observed due to rapid H/D
exchange. Upon the addition of 0.5 equiv of CB7 or CB§, new
sets of guest signals appeared, and the original signals of the
free guest completely vanished in equimolar solutions. The
strong upfield shift of the cubane CH and CH, signals and the
simultaneous downfield shift of the CH, signals imply that the
cubane moiety was included inside the CBr cavity, whereas
terminal methyls are positioned outside near the CB’s portals.
Broadening of the guest signals during the titration of § with
CB8 (Figure 2, line 1i) can be attributed to the faster exchange
compared to CB7. Similarly, the inclusion complexes of
cubane-1,4-dicarboxylic acid (1) and diol 2 with CB7 in slow
exchange mode were detected via 'H NMR titrations (for

corresponding stacking plots, see the Supporting Information
(81}, Figures 59 and $11).

To obtain comprehensive insight into the complexation
ability of cubane guests, we performed 'H NMR titrations with
F-CD. The noncationic guests 1 and 2 displayed an
unambiguous downfleld shift of the cubane signals, indicating
the formation of indusion complexes in fast exchange mode
with the cubane moiety inside the CD cavity (for the spectrs,
see SI, Figures 88 and $10). In contrast, the signals of the guest
5 displayed an order of magnitude smaller chemical shifts upon
titration with S-CD.

Continuing our study, we determined the thermodynamic
binding parameters by means of titration calorimetry (ITC).
Because there is no serious need for buffering, we performed
titrations of the permanently dicationic guest § and noncharged
diol 2 in pure water to avoid competition between guest and
buffer components. Nevertheless, we also provide data, which
were obtzined using S0 mM AcONz buffer, to allow
comparison with results from other laboratories. All these
titration data indicated a 1:1 binding mode. The add 1 was
titrated in 1 mM HCI (pH = 2.88) to maintain its protonated
form (the dissociation constants of 1, pK,; = 3.83 and pK,, =
5.13, were determined by acidimehic titrafion). The ITC
showed no interaction of 1 with CB8, and only a relatively weak
interaction (millimolar dissociation constants) with f-CD and
CB7 (the K values are summarized in Table 1, and full ITC
data are given in Table 54). In pure water, no complexation was
detected for 1. The diol 2 can be considered as a model
compound, in which binding with CB#’s is not affected by lon—
dipole interactions between the guest and the portals of CBa.
As seen in Table 1, 2 binds CB7 and CB8 significantly more
strongly than 1; the approximate Jlog K values in water are 8 and
4, respectively. In agreement with the well-known competition
of ionic guests and metal jons for the portals of CBr, 10 times
lower binding strengths were observed In AcONz bufer.
Finally, as the cationic moleties of § can be atiracted to the
portals of CBr wviaz ion—dipole interactions, the guest §
displayed 10%7% times stronger binding toward CB7/8 than 2.
Note that the relative increase in the binding strength is
significantly higher for CB8 than that for CB7 (6.7X in water
and 3.4X in AcONa buffer; the Ksgopr/Kagesr and Kypeps/
Kpess ratios were compared). We speculate that this increase
in binding strength can be attributed to the more effective
involvement of imidzzolium moieties through C—H--O
interactions within the portals or the better accommodation
of guests by the wider CB8 cavity. As seen below, the X-ray
datz support the Jatter conclusion.

All the three complexes of §, whose formation in solution
was indicated by either NMR or ITC, were detected using the
ESI MS technique. The structures of the complexes with the

Table 1. ITC-Determined Values of K for the Interactions of 1, 2,

mol ™%
CE?
1F {35 £ 03) x 10°
b (5.6 + 02) x 107
4 {218 £ 0.02) x 10°
5° (5.0 + 0.8) x 107
59 {64 = 0.6) x 10

and § with CB7, CB8, and #-CD at 303 K, Reported in dm®*

CBs A-CD
nb™ {37 + 08) x 10°
{2.08 + 0.07) » 10¢ {1.82 + 0.04) x 10*
{12 + 04) x 107 {166 + 0.02) % 10°
{15 £ 02) x 10% nb"
{12 + 05) x 10% nb*

“The titration experiments were performed in triplicate. ®In 1 mM HCL “In water. “In 50 mM AcCNa. “Cydopentancne used as competitor. f1,6-
Hexamethylene diamine-2HCI used as competitor. £Methylviclogen used as a competitor. b = no binding detected by ITC.

Do 101021 /acs. orglett. 7 bo o 2g
Org. Lerr. 201715, 2658 1701
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CBn hosts were determined by tandem mass spectrometry. For
the corresponding spectra, see SI, Figures S15—S17.

Since we succeeded in growing single crystals of S@CB7 and
S@CB8, we can provide direct insight into their solid-state
geometries (side and front views are depicted in Figure 3). It is

Figure 3. Solid-state structure of S@CB7 (top) and S@CB8 (bottom)
determined by X-ray diffraction. Iodide counterions are not shown for
clarity. Hydrogen short contacts within the portals are drawn with
dotted lines. Gray lines are virtual axes of 1,4-disubstituted cubane
moiety, blue lines go through the N atoms adjacent to the cubane
moiety, and green lines go through the centers of gravity of O atoms in
opposite portals.

well-known that ion—dipole interactions are one of the most
important attractive forces that hold the CBn inclusion
complexes together. Since the CBr’s have two identical,
opposite-facing carbonyl-rimmed portals, the cage moieties,
which can be disubstituted along the axis, are the most
promising candidates for construction of high-affinity guests.
Because of the strong rigidity of the CBn macrocycle, the
distance between the two centers of positive charge in the guest
molecule plays a very important role. Considering the 4,9-
disubstituted diamantane to be at this point the best suited for
CB7 (the N*™--N* distance in 4,9-bis(trimethylammonio)-
diamantane (BTAD) is 7.78 A, and the bridgehead-to-
bridgehead distance is dpp = 4.64 A)," it is dlear that much
more compact bicyclo[2.2.2]octane (dgg = 2.60 A) or cubane
(dpg = 2.70 A) moieties must be extended by suiatable linkers
between the hydrocarbon cage and cationic moieties to prevent
the nonpreferred burying of cations deep into the portals.
Unfortunately, prolongation by sp® or sp carbons breaks the
symmetry of the axially disubstituted central hydrocarbon cage,
and interactions in the portals cannot be fully established.
However, this disadvantage can be partially compensated for by
tilting of the hydrocarbon cage inside the CB cavity. With the
above-mentioned circumstances considered, it is clear that the
cubane-based bisimidazolium salts cannot overcome the
superior BTAD, with its Kcgyy = 72 X 107 M™% however,
cubane derivatives complement the family of high-affinity
guests and are important from both a theoretical and practical
point of view.

128

As Figure 3 shows, there are some remarkable differences in
the binding of the guest § inside CB7 and CB8. As mentioned
above, the imidazolium moieties do not match the symmetry of
either the 1,4-disubstituted cubane moiety or cucurbituril
Therefore, the cubane moiety is tilted by 22.4° in the S@CB7
complex to allow positioning the adjacent N atoms of
imidazolium essentially on the virtual ¢7 axis of CB7 (ie, in
the portal center). In fact, 5—7 contacts were found in which
the O---H distance is lower than the sum of the van der Waals
radii in each portal (full list of contacts is given in Table S2 in
SI). Surprisingly, the cubane moiety is much more tilted
(57.4°) in the S@CBS8 complex. The two most important
consequences are that imidazolium cations are moved far from
the centers of the portals and methylene bridges are buried into
the cavity. Accordingly, only four short contacts (Figure 3)
were found in the portal, and CB8 adopts an elliptical
geometry. We infer that the S@CB8 geometry highlights
CB8’s inability to bind cations in the centers of its portals.

In addition to ion—dipole interactions, which occur in the
CBn portals, the dispersion forces play a significant role in
complex stabilization. Although this stabilization force arises
everywhere the molecular surfaces are close, the theoretical
calculations suggest that short side chains that protrude from
the cavity into the external environment contribute to the
overall dispersive force by approximately 10—15%."7 In other
words, the most significant contribution to the dispersive force
is related to the stiffness of the guest inside the CBn cavity,
which can be qualitatively estimated by means of Hirshfeld
surface (HS) analysis. The Hirshfeld surface can be
straightforwardly computed from crystallographic data and,
simply said, reflects the intermolecular interactions in a very
subtle way."® Although HS is usually used for the analysis of
intermolecular interactions in crystal lattices, it can also provide
insight into intermolecular contacts inside macrocycle cavities.
We calculated the HS for the hydrocarbon skeleton of §
(including methylene bridges) and compared it with the HS of
the diamantane moiety in the BTAD@CB7 complex, which
was published by Isaacs and co-workers." The side and front
views of the complexes with the HS, on which the distances
from the adjacent inside atoms are encoded from red (close) to
blue (far), are depicted in Figure 4 (top). The fingerprints
display the distance from each point on the HS toward the
closest atom inside and outside the surface, which is indicative

|
06 10 14 18 22 d 06 10 14 18 22 4

Figure 4. Hirshfeld surfaces (top and side views) and corresponding
fingerprints for S@CB7 (left) and BTAD@CB?7" (right). Gray dots are
related to the C'—N° intramolecular covalent bonds.

DOI: 10.1021/acs.orglett.7b01029
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of guest stiffness inside the cavity. As can be clearly seen in
Figure 4 (bottom), on the HS, the distances of inner atoms in
the diamantane complex do not exceed 1.8 A. In contrast, a
significant number of surface points for $E@CB7 have d
coordinates within the range of 1.80-2.35 A, This dealy
indicates that the cubane moiety does not fill the inner space of
the CB7 cavity as nicely as diamantane. Therefore, it is
reasonable to suppose that the contribution of dispersive forces
inside the CB7 cavity is significantly Jower for our cubane guest
than that for the diamantane derivatives.

In conclusion, we Iintroduced the frst dicationic supra-
molecular guest 5 based on a highly symmetric hydrocarbon
cubane cage and investigated its ability to form host—guest
complexes with CB7, CB8, and f£-CD. The association
constants of 5 with CB7 and CB8, ie, (6.0 x 0.6) X 10%!
M and (1.5 & 0.2) X 107 M™! in water, are [ower than those
for the strongest complex, as known to date, BrAD@CB7,
which it likely due to the imperfect symmetry of the
imidazolium cationic moieties and lower degree of dispersive
interactions of the much smaller cubane inside the CB7 cavity.
However, this work demonstrates that the cubane moiety can
be combined with adjacent cationic moleties to expand the
family of the high-affinity guests and thus be considered in the
design of multitopic guests in which binding sites with diverse
properties are desired
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V. ZAVER

Vse, co bylo v predchozich kapitolach popsano, je minulost. Zda se ale mozné
na ni navazat a minimalné nékteré smeéry déle rozvijet. Pfedné je tu otazka pfi-
pravy a studia vazebnych moZnosti novych vazebnych motivi. Nemam ovsem
namysli planné obméfiovani struktury a zkouSeni vSeho moZzného, nybrz
racionalni navrhy vychazejici z dosavadnich zkuSenosti a pfipadné molekulového
modelovani, pficemz hlavnim cilem by mély byt ligandy s vyrazné
diferencovanymi afinitami k rdznym makrocykliim. Naptiklad se nabizi
k vyfeSeni otdzka, zdali je mozné jesté dale zvySovat afinitu liganda k B-CD
a prfipadné pfi tom modulovat afinitu k CBn. Aktudlné pfipravujeme publikaci
o adamantanovych ligandech s K atakujicimi hodnoty okolo 107 M-1. Rovnéz
velmi zajimavé, jak z teoretického, tak z praktického hlediska by mohly byt
ligandy odvozené od klecovych uhlovodikiéi majici elektrondeficitni, ale nikoliv
kladné nabité skupiny atomt v mistech vhodnych pro interakci s CBn portély.

Pro pripravu sebeorganizujicich multitopickych ligandtG vyuZitelnych napii-
vazebnych motivi. Proto je nutné vypracovat obecny prakticky piistup k syntéze
rozmanitych heterotritopickych, pfipadné heterotetra(a vice)topickych ligandi.
Zatim pfipravujeme centralni ¢ast se dvéma ekvivalentnimi reakénimi centry,
na ktera poté pripojujeme, zpravidla v pfebytku reakéniho ¢inidla, terminalni va-
zebné motivy za vzniku liganda typu A —B— A. Tento postup lze vyuZit i pro pii-
pravu pozadovanych ligandit A—B—C, ovSem za predpokladu, Ze budeme
schopni efektivné zachytit a izolovat prvni stupeni reakce. Jiny piistup spociva
v pfipravé centrdlni casti se dvéma odliSnymi reakénimi centry s rfiznou
reaktivitou vzhledem k syntoniim terminalnich mist. Oba tyto pfistupy aktualné
experimentalné ovéfujeme.

Posledni oblast, kterou povazuji za velmi aktudlni je studium supramolekular-
niho chovani vhodnych derivatt novych, dosud neprobadanych klecovych uhlo-
vodikt. Naptiklad nebyl dosud publikovan Zadny ligand odvozeny od klecového
uhlovodiku vhodny pro CB6. Pfitom préavé tyto ligandy, vyplitujici sférickou ka-
vitu CB6 lépe nez linedrni alifatické uhlovodiky mohou poskytnout komplexy se
stabilitou vyrazné vyssi nez je dnesnich rekordnich pK(CB6) = 10,73 pro spermin.33
Ze neni zcela vyloudené takovy ligand nalézt, naznacuji hodnoty PC diskutované
v kapitole 3.4.

Tato habilita¢ni prace by dost mozna vypadala tplné jinak, kdyby mi mj sou-
¢asny zameéstnavatel, tedy Univerzita Tomase Bati ve Zliné, nedovolil postupné
vytvofit vyzkumnou skupinu zabyvajici se supramolekularni chemii. Chci mu
tedy podékovat za davéru.
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Nikdy bych nemohl dotahnout do konce publikace, které jsou pfedmétem této
habilita¢ni prace bez kolegli Michala Rouchala, Lenky Dastychové a Zdenky
Pruckové, bez doktorand@ Zuzky Kozubkové, Jarmily Cernochové, Evy Babja-
kové, Petry Branné, Jany Hermanové, Andrei Cablové, Shantana Kulkarni, Aleny
Matelové, Evy Achbergerové, Davida Gergely, Jelici Kovacevi¢, Hedy Surmové a
Kristyny Jelinkové a bez fady diplomantd, ktefi se odvazili pracovat na tématech
na FT UTB ne zcela obvyklych a etablovanych.

Nesmim zapomenout zminit nemaly pfispévek kolegt z jinych pracovist spo-
¢ivajici v méfeni RTG difrakce a analyze ziskanych dat Markem Necasem (MU) a
Martinem Babiakem (MU), molekulovém modelovani Petrem Kulhdnkem (MU),
Ivem Kufitkou (UTB), Barborou Hanulikovou (UTB), Kamilem Mala¢em (UTB) a
Honzou Vichou (MU, UTB), v pomoci LukaSe Maiera (MU), Zdetika Moravce
(MU), Radka Marka (MU) a Tomase PospiSila (UPOL) s méfenim NMR spekter, v
méfeni ESI-MS Richardem Cmelikem (AV CR) a HRMS René Lenobelem (UPOL)
a v zapujceni fotochemického reaktoru Petrem Klanem (MU) bez nejz bychom asi
neuvaiili zddny kuban.

Jitko, Dorotko, Ivanku a Emo, diky za schovivavost a trpélivost.
Nakonec jeden vzkaz Antoninovi Télskému, ktery mne kdysi, zfejmé nechté, na-
sméroval k chemii a v ¢asech studii i potom vSemozZné podporoval. Moc si pial,

abych tu habilita¢ni praci kone¢né sepsal, ale na dokonceni si nepockal. Tak uz je
to hotové. Diky.
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