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ABSTRAKT

PiedloZena disertaéni prace je zaméfena na piipravu heteroditopickych a heterotritopickych
supramolekularnich ligandl obsahujici ve své struktufe adamantanovy skelet. Kladné nabitou
¢ast ligandu pak tvoii (benz)imidazoliovy kation. U pfipravenych ligandid byla studovana
schopnost tvorby supramolekularnich komplexti s makrocykly na bazi cyklodextrini (CD) a
cucurbit[n]urild (CBn). Supramolekularni chovani bylo studovano pomoci *H NMR, ESI-MS
a ITC. Geometrie vznikajicich komplexti byla navrzena na zakladé 2D NMR experimentQ a
v n¢kterych piipadech podpotfena molekulovym modelovanim. U heterotritopickych ligandt
s centralnim vazebnym mistem na bazi 4,4'-disubstituované¢ho bifenylu byl pozorovan vznik
komplexu v rotaxanovém uspofadani s jednim makrocyklem B-CD uzamc¢enym na ose ligandu
pomoci dvou supramolekuldrnich uzavéra predstavovanych dvéma jednotkami CB7. V ptipadé
heterotritopického ligandu s centralnim vazebnym mistem na bazi 1,3-disubstituovaného
adamantanu, byl pozorovan vznik odliSného uspoifadani ternarnich komplexd v disledku
individualni afinity CB7 a CB8. Zatimco CB7 upiednostiioval vazbu na terminalni
adamantanova mista s jednou jednotkou B-CD uzavienou na centralnim misté, CB8
upiednostiioval pozici na centralnim misté tritopického ligandu se dvéma jednotkami B-CD na
terminalnich pozicich. Mezi nejdilezitéjsi vysledky prace patii popis chovani
heteroditopickych ligandi s vazebnymi misty na bazi adamantanu a butylu. V tomto piipadé se
podafilo kvantifikovat atraktivni interakce mezi CBn a 3-CD a repulzivni interakce mezi dvéma
jednotkami CBn v ternarnich komplexech. Dale byl pozorovan vznik ternarniho komplexu, ve
kterém jednotlivé makrocykly obsadily individualné¢ nepreferované pozice. Tim byl

demonstrovan vyznam interakci mezi makrocykly a kompetitivné-kompenzaéni princip pii

vvvvvv

Kli¢ova slova: inkluzni komplex, cyklodextrin, cucurbituril, adamantan, hostitel-host chemie
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ABSTRACT

This doctoral thesis is focused on preparation of heteroditopic and heterotritopic
supramolecular ligands consisting of adamantane skeleton. (Benz)imidazolium core was used
as a positively charged part of ligands. Subsequently, ability of new ligands to form
supramolecular complexes with macrocycles based on cyclodextrins (CD) and cucurbit[n]urils
(CBn) was studied by means of *H NMR, ESI-MS and ITC. Geometry of formed complexes
was suggested according to 2D NMR experiments and supported by molecular modelling. In
the case of heterotritopic ligands with central binding site based on 4,4'-disubstituted biphenyl,
formation of quaternary complex in rotaxane manner with one 3-CD macrocycle at central site
confined by two supramolecular CB7 stoppers at terminal sites was observed. In the case of
heterotritopic ligand with central binding site based on 1,3-disubstitued adamantane, distinct
arrangements of quaternary complexes were observed as CB7 and CB8 displayed different
individual binding affinities towards binding sites. Whereas CB7 preferred the terminal
adamantane sites to lock one B-CD unit at central adamantane site, CB8 was confined at the
central site by two B-CD units sitting at the terminal sites. One of the most important
achievement of this work is description of supramolecular behaviour of heteroditopic ligands
with binding sites based on 1-adamantyl and butyl, respectively. Employing these ligands, we
were able to determine quantitatively the attractive interactions between -CD and CBns and
even repulsive interactions between two CBn units within a ternary complex. In addition,
ternary complexes, whose arrangements did not match individual preferences of macrocycles,
were observed. Thus, we demonstrated the importance of lateral interactions between
macrocycles and competitive-compensation phenomenon for design of complex

supramolecular assemblies.

Key words: inclusion complex, cyclodextrin, cucurbituril, adamantane, host-guest chemistry
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SEZNAM POUZITYCH ZKRATEK A SYMBOLU
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tetrahydrofuran
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1. UVOD

Objev crown-ctherd v 60. letech minulého stoleti vzbudil zajem o studium slabych a
nekovalentnich mezimolekularnich interakci, které jsou charakteristické pro supramolekulérni
chemii. Supramolekularni chemie predstavuje dynamicky se rozvijejici interdisciplinarni védni
obor, zabyvajici se nadmolekularnimi strukturami a mezimolekuldrnimi vztahy, jenz je
doprovazen vyvojem novych metod, které umozinuji sledovat nékdy pomeérné rychlou
dynamiku supramolekularnich systémt. Obecné plati, ze supramolekuldrni chemie je
principialné zalozena na procesu vzniku komplexu naptiklad typu host-hostitel s unikatnim
strukturnim vztahem mezi mensi molekulou hosta (ligandem), ktery je nekovalentné vazan na
vétsi makromolekulu hostitele.

Predlozena prace se zabyva studiem supramolekularniho chovéani ligandt, které ve své
struktufe obsahuji vice identickych nebo odlisSnych vazebnych mist, vici hostitelskym
molekulam zejména na bazi cyklodextrini (CDs) a cucurbit[n]urila (CBn). Prvni
supramolekularni systém tohoto typu (hostitel-host), zahrnujici 1,4-disubstituovany benzen a
a-CD, byl popsan Connorsem a Perdergastem v roce 1984.! Krom& moznosti porozumét
detailngji obecnym mechanismiim a principim mezimolekularnich interakci, mohou byt
takovéto systémy vyuzity k piipravé komplexnéjSich molekularnich strojkii fungujicich

napfiiklad jako ptepinace, senzory nebo katalytické jednotky podobné enzymiim.
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2. HOSTITELSKE MOLEKULY

K zasadnim impulstim, které staly u zrodu moderni supramolekularni chemie patii objev
dibenzo-18-crown-6 etheru Charlese Pedersena z roku 1967, ktery vznikl jako vedlejsi produkt
pti pokusu o pfipravu ¢astecné chranéného katecholu v laboratofich Du Pont. Crown-ethery
jsou dvojdimenzionalni organické slou¢eniny (cyklické oligoethery), které se Siroce uplatiuji
pii komplexaci kovovych a organickych kationti, ale i neutrdlnich molekul. Maji schopnost
rozpoznat, na zaklad¢ geometrické komplementarity, ionty nékterych kovil, navazat je do své
dutiny a vytvofit tak velmi stabilni komplex. Nachdzi tak uplatnéni naptiklad pfi katalyze
fazového pienosu. Analoga crown-etherii jsou kryptandy, které jiz disponuji tfirozmérnou
sférickou kavitou. Tyto makrobicyklické slouceniny vytvari stabilnéjsi komplexy a projevuje
se u nich vyssi selektivita ke kovovym iontim. V navaznosti Donald J. Cram a spolupracovnici
navrhli rigidni trojrozmérné sférandy,® kde donorové atomy vytvafeji centralni kavitu, aniz by
potiebovaly komplexujici kation k optimalnimu seskupeni, tak jako crown-ethery. Sférandy
diky ptedorganizaci donorovych atoml v rigidnim skeletu tvofi stabilnéjsi komplexy s
kovovymi ionty, nez pravé crown-ethery a kryptandy. Béhem nékolika poslednich let se staly
velmi popularnimi calix[n]areny,* které jsou vyuzivany v molekularnim designu jako zakladni

V nésledujicich podkapitolach budu vénovat vétsi pozornost dal§im dvéma velkym rodindm
hostitelskych makrocyklickych slouc¢enin, cyklodextriniim a cucurbit[n]uriltim, jelikoz jsem ve

sv¢ disertacni praci studovala prave jejich interakce s ptfipravenymi ligandy.

)

L
o

dibenzo-18-crown-6 kryptand calix[n]aren sférand
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2.1 Cyklodextriny

Cyklodextriny (CDs) jsou ze strukturniho hlediska cyklické oligosacharidy skladajici se
z a(1—4) spojenych D-glukopyranosovych jednotek. Prvni zminka o cyklodextrinech byla
publikovana v roce 1891, kdy A. Villiers popsal izolaci krystalické latky ze skrobu natraveného
bakteriemi Bacillus amylobacter.® O vice nez 10 let pozdé&ji F. Schardinger ukézal, Ze pouzitim
teplotné odolnych bakterii Bacillus macerans Ize enzymatickou degradaci skrobu ziskat a- a -
CD.®

Pti této biochemické preméné jsou za optimalizovanych podminek nejvice zastoupeny CDs
sestavajici ze Sesti, sedmi a osmi glukosovych jednotek, ozna¢ované jako a-, f- a y-CD, které
se ze smési izoluji selektivnim vysrazenim organickymi latkami (napf. hexan, fluorbenzen).
CDs s niz§im poctem glukosovych jednotek nez Sest enzymaticky nevznikaji kvili zna¢nému
pnuti v kruhu, nicméné synteticky byl p¥ipraven napf. pre-a-CD s péti jednotkami.’

Fyzikéalné-chemické vlastnosti a rozméry CDs se lisi v zavislosti na poc¢tu glukosovych
jednotek tvoficich molekulu. Jediny parametr, ktery je pro vSechny CDs totozny, je vyska (7,8
A). V Tabulce 1 jsou uvedeny strukturni parametry a-, p- a y-CD. Tvar molekuly CDs lze
charakterizovat jako plytky komoly kuzel.

Tabulka 1: Strukturni parametry a-, B- a y-CD a jejich rozpustnost ve vodé.

e-CD p-CD  v-CD

N - pocet glukosovych jednotek 6 7 8
rozpustnost v H20 [g-dm™3] pri25°C 14,5 1,9 23,2

a - vnitini pramér kavity [A, mezi H3] 5257 6,4-7,8 7,5-9,5
b - vy$ka kavity [A] 7,8 7,8 7,8

C - vnitFni objem kavity [A3] 174 262 472

Z rentgenové struktury cyklodextrinll vyplyva, Ze sekundarni hydroxylové skupiny vazané
na C2 a C3 jsou umistény na SirSim okraji CDs, zatimco primarni hydroxylové skupiny

navazané na C6 se nachazeji na uz$im okraji CDs. V dusledku toho je vngjsi strana kavity
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hydrofilni, naopak vnitini strana, kde jsou orientovany kysliky glykosidické vazby a vodiky H3
(blize sekundarnimu okraji) a H5 (blize primarnimu okraji) ma lipofilni charakter. Rozdilna
velikost portall a pfitomnost vodikii v kavit€¢ umoziuje sledovani interakci v roztoku pomoci
2D NMR (ROESY, NOESY).8

Od poloviny minulého stoleti nalezly CDs fadu uplatnéni vzhledem k jejich unikatni
schopnosti zvysit rozpustnost lipofilnich latek ve vodnych médiich. Ve farmaceutickém
prumyslu se vyuzivaji zejména ke zlepSovani farmakokinetickych a farmakodynamickych
vlastnosti 16¢ivych p¥ipravki® nebo, stejné jako v potravinafstvi, k maskovani nezadouci hoiké
chuti. 1o

Vyuziti pfirodnich CDs je omezeno jejich relativné Spatnou rozpustnosti ve vodé
(nejlevnéjsi B-CD je nanestésti také nejméné rozpustny). Nutno podotknout, Ze vhodnou
substituci kteréhokoliv atomu vodiku hydroxylové skupiny, dokonce i lipofilnimi substituenty,
lze vyrazné zvysit jejich rozpustnost ve vodé (coz je s nejvétsi pravdépodobnosti disledek
znemoznéni efektivni stabilizace krystalické faze pomoci vodikovych vazeb). Nejreaktivnéjsi
je primarni hydroxylova skupina v poloze C6, ktera je nejmén¢ stericky branéna. Ptes zna¢nou
obtiznost piipravy modifikovanych derivati jsou vyuzivany napt. 2-hydroxypropyloxy-CD
(HP-B-CD a HP-y-CD), nepravideln¢ methylovany B-CD (RM-B-CD), sulfobuthyloxy-f-CD
(SBE-B-CD).12 Z 1ékovych forem na bazi CDs aplikovanych v praxi lze uvést sodnou stil SBE-
B-CD v kombinaci s ucinnou latkou voriconazolem, kterd se pouziva pii 1écbé infekénich
plisiiovych onemocnéni.’® HP-B-CD naSel uplatnéni pii piipravé lékové formy v Ceské
republice vyvinutého cytostatika na bazi ¢tyfmocné platiny s ozna¢enim LA-12.1* Ctyfmocna
platina vykazuje vysoky protinddorovy efekt, ale je velmi $patné rozpustna ve vod¢. Pridavek

HP-B-CD zvySuje biodostupnost této lécive latky.

0]

LA 12 N
voriconazol
CHy Y
HaNy, | «Cl N
Pt PaN

H,NT | eI
o CHs

Obrazek 1: Aktivni latky vyuzivané v lécivech v kombinaci s CDs

Kromé¢ vyse zminénych aplikaci ve farmacii a mediciné se modifikované cyklodextriny

vyuzivaji jako katalyzatory. Jako jeden z piikladii miZe slouzit neddvno publikovany prvni

10
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funk¢né heterodisubstituovany permethylovany B-CD (struktura je uvedena na Obrazku 2),
ktery je zvlasteé atraktivni, nebot’ vykazuje specifickou katalytickou aktivitu. Tento derivat CDs
znacn¢ urychluje hydrolyzu somanu, coz je nervovy jed inhibujici acetylcholin esterdzu
pouzivany jako chemicka zbran. Modifikovany cyklodextrin tedy funguje jako umély enzym,
kdy kavita cyklodextrinu definuje aktivni misto vazici molekulu somanu a modifikujici skupiny

se pak podileji na jeho rozkladu.®®

soman

Ho~!\o"0

Obrazek 2: Struktura modifikovaného CD rozkladajiciho soman

Posledni oblasti, ve které nalézaji cyklodextriny Siroké uplatnéni, je analytickd chemie,
konkrétné chromatografické metody. Diky své inherentné chiralni struktufe jsou cyklodextriny
imobilizované na vhodném nosi¢i vyuzivany jako staciondrni faze pro vysoce u¢innou

kapalinovou (HPLC), plynovou (GC) chromatografii k pfimé separaci enantiomert.®

2.2 Cucurbiturily

V poslednich dvaceti letech jsou cucurbit[n]urily (CBn) intenzivné studovanou skupinou
sloucenin uplatiiujicich se jako hostitelské molekuly v supramolekularni chemii. CBn jsou

syntetické makrocyklické struktury tvarem podobajici se vydlabané dyni.

AN
TSI
N@ N\\//)‘jN:l;lN
\O o) oo/ _d_n

Obrizek 3: CB[n], n = 5-8, 10, 13-15

11
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2.2.1 Syntéza CBn

Prvni syntézu CBn provedl jiz v roce 1905 R. Behrend se svym doktorandem E. Meyerem,
kdyz nechali reagovat glykoluril s paraformaldehydem v koncentrované HCL'" Produkt
izolovali jako nerozpustnou polymerni latku a zjistili, ze vytvari komplexy s nékterymi kovy.
Strukturu izolované latky se vSak podafilo objasnit, az v roce 1981 W. L. Mockovi a W. A.
Freemanovi pomoci RTG difrakce, jako CB6.18 Vétsi pozornost ziskaly cucurbiturily aZ na
pocatku 21. stoleti, kdy K. Kim a jeho skupina zjistili, ze je mozné syntetizovat a izolovat vyssi
homology CBn kde n>6.1° CBn se tradi¢né piipravuji kondenza¢ni reakci glykolurilu s
formaldehydem v siln¢ kyselém prostiedi. V zavislosti na reakéni teploté a pouzité kyseliné
(HCI, H2S04) mohou vznikat smési bohatsi na nékteré homology, ale vzdy pfevazuje CB6.
Smé&s CBn homologli se od sebe nasledné oddéluji napiiklad frakéni krystalizaci,
chromatograficky?® nebo pomoci selektivni vazby na vhodné ligandy jako napf. imidazoliové

soli.?t

HCI, H,O

CH,0, <100°C CH0, >100°C
b) HySO,

HN” “NH
H=p—=H a) HCI, Hy0
HNYNH
0
0

CBI6]

C . ; O 0]
Ay A Nﬁiﬁf Ly

N7 N
{ ! \\
(‘{ Hef— Hril /.N i =
N’\i\:;wf NN NQ‘\-J N“/YN:’ ,N?l; ,NN-:,r
\ ( I ,’ \ ( !
o °% of o °% odl o

Schéma 1: Syntéza CB[6] a CB[n] homologii*

Zvlastni ptipad pii1 syntéze CBn predstavuje CB10, ktery byl izolovan ve formé
komplexu CB5@CB10. Mensi CB5 slouZzi pravdépodobné jako templat pro vznik vétsiho
makrocyklu CB10. Samotny CB10 ve smésich pozorovan nebyl.?® Na druhou stranu CB9
nebyl dosud ze smési izolovan, znamy je pouze z MS analyz. Za nejvétsi izolovany CBn
homolog je dosud povazovan CB14, ackoli nema nejvétsi rozmér portali ani objem kavity
vzhledem ke struktuie stodené o 360°.24

Surovy produkt, ziskany vySe popsanym zpiisobem, vSak obsahuje dalsi zajimavé struktury.
V roce 2005 popsala skupina profesora Isaaca® izolaci invertovanych CBn (iCB6 a iCB7). Tyto
izomery obsahuji ve své struktufe jednu glykolurilovou jednotku orientovanou opacné, takze

ekvatorialni vodiky glykolurilové jednotky smétuji dovnitt kavity.

12
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Dalsi zajimavé struktury lze ziskat modifikaci vychoziho poméru glykolurilu a
formaldehydu. Za zminku stoji homolog nor-seco-CB10 s netrivialnim vazebnym chovanim.
Nor-seco-CB10 se sklada ze dvou symetricky ekvivalentnich kavit vzajemné propojenych
jednim CH mistkem. Tento homolog vykazuje homotropni alostericky efekt, kdy navazani
jedné hostitelské molekuly vyvola zménu struktury makrocyklu, ktera vede k preorganizaci
druhého vazebného mista (kavity) a umozni tak navazani identické hostitelské molekuly.?®

Mezi dalsi strukturné pozoruhodné molekuly odvozené od cucurbiturilti patii jejich dimery
piipravené Isaacem a spolupracovniky v roce 2013.2” Uceleny piehled viech znamych typt
cucurbiturild, jejich vazebnych schopnosti i katalytické aktivity 1ze nalézt v piehledném ¢lanku

Assafa a Naua z roku 2015.%8

2.2.2 Struktura a fyzikalni vlastnosti cucurbit[n]urild

Molekula CBn se sklada z glykolurilovych stavebnich jednotek propojenych pies dusik
methylenovymi mastky, symbol n vyjadiuje pocet glykolurilovych jednotek v makrocyklu.
Geometrické parametry se s potem n jednotek systematicky méni, vzdalenost protilehlych
portal{ s rostoucim poétem glykolurilovych jednotek vsak ziistiva zachovéna, a to 9,1 A.

V Tabulce 2 jsou uvedeny strukturni parametry vybranych CBn homologg.

Tabulka 2: Strukturni parametry CBn homologt a jejich rozpustnost ve vode.

le— 3 —»|
- S— +
d CB[5] CB[6] CB[7] CB[8] CBJ[10]
v
—- C |
vné&j$i prameér [A] a 131 14,4 16 17,5 20
pramér kavity [A] b 44 5,8 7.3 88 11,3124
pramér portalu [A] c 24 3,9 5,4 69  9,5-10,6
vyska [A] d 91 9,1 9,1 9,1 9,1
objem kavity [A%] 82 164 279 479 870
rozpust. v H20 [mM] 2030 0,018 20-30 <001  <0,05

Nevyhodou CBn je jejich nizkd rozpustnost prakticky ve vSech béznych rozpoustédlech

.....

kovu, tedy koordinaci kationti kovi (napf. Na*, K*) na karbonylové skupiny portali nebo
Vv kyselém prostiedi. Homology se sudym poctem jednotek, tedy CB6 a CBS, jsou v Cisté vodé

v podstaté nerozpustné. Makrocykly s lichym poctem jednotek, tedy CB5 a CB7 vykazuji
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nizkou rozpustnost (2-3 x 1072 M) srovnatelnou s -CD (1,6 x 10~2 M).2° Schopnost dobie se
rozpoustét ve vodé je zejména dulezita pro vyuziti CB derivatl ve farmaceutickém pramyslu
jako nosice nerozpustnych aktivnich latek. Analogy CBn substituované v ekvatorialni roviné
alkyly jsou podstatné rozpustnéjsi, ale obtizn¢ piipravitelné. Prvnim pfipravenym derivatem
tohoto druhu je Me1oCB5.%°

CBn vykazuji vysokou tepelnou stabilitu, k rozkladu dochazi az pii 420 °Cu CBn (n =5, 6
a 8), vyjimkou je CB7, ktery se zadina rozkladat jiz pfi teploté okolo 370 °C.3! Dosavadni
vyzkumy rovnéz ukazuji velmi nizkou toxicitu cucurbiturilll a oteviraji jim tak cestu do

farmaceutickych a medicinalnich aplikaci.?? 33

2.2.3 Modifikace CBn

Nizk4 rozpustnost CBn ve vodé a b&znych organickych rozpoustédlech, jak jiz bylo
zminéno, limituje jejich pouziti v fadé odvétvi. Zavedeni funkéni skupiny na vnéjsi sténu ¢i
okraj portalu CBn Ize zvysit jejich rozpustnost. Modifikaci 1ze formaln¢ provést substituci
vodika glykolurilu, které lezi v ekvatoridlni roviné makrocyklu, nebo atomti vodiku
methylenového mustku. K pfipravé modifikovanych CBns lze zvolit jeden ze tfi odliSnych
ptistupti. Nejjednodussi je vychdzet piimo z modifikovanych monomerli, které reakci
s formaldehydem v kyselém prostfedi poskytuji analogy CBns plné modifikované
v ekvatorialni roving. Takto byl pfipraven jiz zminény Me1oCBS5 ¢&i dalsi homolog Me1.CB6,*
pfipadné analogy s ptikondenzovanymi cyklohexanovymi kruhy CycHsCB5 a CycHsCB6.%®
Druhy pfistup je chemicky obdobny, ale vychdzi ze smési glykolurilovych monomerd, které
statisticky cyklizuji za vzniku pestré smési produkttl s riznym stupném modifikace. Prestoze
izolace konkrétnich derivatl je z téchto smési obtizna, byly takto pfipraveny napiiklad derivaty
MesCB6,% MesCB6,%” CycPsCB6°8 nebo Ph,CB6%. Analogickym postupem, oviem za vyuziti
smesi aldehydli a pouze jednoho typu glykolurilu, byl pfipraven dosud prvni derivat CB6
monosubstituovany na methylenovém miistku.*® Nutno poznamenat, ze izolovany vytézek této
latky byl hluboko pod 1%. Pon¢€kud odlisny pfistup pro pfipravu monosubstituovanych CBns
aplikoval Isaacs a spolupracovnici. Nejprve se zaméfili na ptipravu otevieného hexameru
glykolurilu a ten posléze uzavfeli bud’ difunkénim aromatickym aldehydem za vzniku
monosubstituovaného derivatu CB6*' nebo posledni odlignou jednotkou glykolurilu
modifikovanou v ekvatorialni roving.*> Posledni piistup spoéiva v modifikaci jiz vzniklého
CBn. Tak byl naptiklad piipraven v ekvatorialni roving pIné hydroxylovany*® nebo

monohydroxylovany** derivat.
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Prestoze CBn doposud nenalezly uplatnéni v komercnich produktech, jsou intenzivné
studovany a nabizi Siroké spektrum aplikaci. Lze je vyuzit jako stacionarni faze pro
chromatografické kolony, Cisténi odpadnich vod, pfi fotochemickych reakcich ¢i dopraveé

16¢iv. %

2.2.4 QOdliSnost host-hostitelskych interakci CB a CD

CDs a CBns homology se zasadn¢ lisi v host-hostitel interakcich v dusledku ptitomnosti
odlisnych funkénich skupin lemujici vstupni okraje kavity. Okraje kavity CD lemuji OH
skupiny, které ptispivaji k navazani hosta zejména prostfednictvim vodikovych vazeb. Vyznam
téchto interakci ovsem ve vodném prostiedi klesa, tak jak se portaly obsazuji molekulami vody.
Zatimco karbonylové skupiny na okrajich CBn, umoziuji s kladné¢ nabitymi hosty interakce
typu ion-dipdl.

Rovnéz vétsi strukturni rigidita CB ve srovnani s CD pfispiva k tvorbé stabilnéjSich
komplext. Je znamo, Ze hodnoty asocia¢nich konstant Ka pro komplexy s B-CD velmi ziidka
presahuji hodnotu 10°® M, zatimco CB7 vykazuji mnohem vyssi vazebnou afinitu az 10’
M1 464748 Na druhou stranu se rigidng&jsi molekuly CB méné& ochotné pfizpiisobuji stericky

4

Ize pozorovat zna¢nou podobnost mezi pary CB6/a-CD, CB7/3-CD a CB8/y-CD.
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3. VYSOCE AFINITNi LIGANDY

Hostujicimi molekulami (ligandy) lze oznacit struktury, jejichz geometrie a distribuce
elektrond umoziuje inkluzi do kavity hostitelské molekuly. Ligandy, které vykazuji velmi silné
interakce s makrocykly typu cyklodextrin (CD) nebo cucurbit[n]uril (CBn), maji struktury
zpravidla odvozené od nepoldrnich klecovych uhlovodiki, popfipadé metalocenti. Vzhledem
k optimalni velikosti kavity tvoii piedev§im CB7 s derivaty ferrocenu, kobaltocenu,
bicyklo[2.2.2]oktanu, adamantanu ¢i diamantanu extrémné stabilni komplexy s asociacnimi
konstantami v ¥adu 10*21" M. Tyto hodnoty jsou jiz srovnatelné s nejstabilngjsimi pfirodnimi
biochemickymi 1:1 systémy. V ojedinélych ptipadech vykazuji komplexy vyse zminénych
syntetickych partnerti vyssi stabilitu nez dosud zndmy nejpevnéjsi ptirodni komplex avidin—
biotin. V Tabulce 3 jsou uvedeny asocia¢ni konstanty komplexti vysoce afinitnich derivata
uhlovodikd s CB7. Dosud nesilngjsi interakce mezi synteticky pfipravenym ligandem a
hostitelem byla popsana pro systém diamantan-4,9-bis(trimethylammonium) a CB7 s asocia¢ni

konstantou v fadu 101 M1 v &isté vodé.*® Tato hodnota asociaéni konstanty K, pievysuje 100x

hodnotu Ka vyse zminéného paru avidin—biotin.

Skupina profesora Issaca na za¢atku roku 2017 publikovala novy ,,isodiamantanovy* ligand
(struktura je uvedena v Tabulce 3) vykazujici prekvapivé vyrazné vyssi afinitu k CB8 (Ka =
5,7x10* M™) nez k CB7 (Ka = 686 M1).>° Vzhledem k tomu, Ze vyznamnou mérou ke
stabilizaci komplexu pfispivaji ion-dipolové interakce mezi portaly CBn a kladnymi skupinami
ligandu, je umisténi kladnych skupin na uhlovodikové kleci zcela kli¢ové pro stabilitu
komplexu. Zatimco 4,9-disubstituovany diamantan ,,stoji* v kavit¢ CB7 a kladné amoniové
skupiny ve sttedech protilehlych portalt, 1,6-disubstituovany diamantan ,,lezi“ v kavité CBS8 a
amoniové skupiny jsou sméfovany ke strané€ protilehlych portali. Takto orientované derivaty

diamantanu pifesné&ji vypliluji prostor kavity CB7 ¢i CBS.

Nedavno byla rodina klecovych uhlovodikl poskytujicich ultraafinitni ligandy doplnéna o
dalSiho pozoruhodného ¢lena, o derivaty kubanu. Autoti publikovali ptipravu dikationtového
ligandu odvozeného od tohoto uhlovodiku, ktery tvoii s CB7 i s CB8 velmi stabilni komplexy.>*
Asociacni konstanty jsou uvedeny v Tabulce 3. Skute¢nost, ze kubanovy ligand nedosahuje
tak vysokych hodnot asocia¢nich konstant jako derivaty diamantanu, souvisi s nedostatecné
tésnym vyplnénim nepoléarni kavity CBn relativné malou a kompaktni kleci kubanu. Na druhou

stranu autofi, ve shod€ s pozorovanimi skupiny prof. Isaacsa, poukazuji na preferovanou pozici
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kationtovych skupin mimo stied portalu CB8. Tato skutecnost otevira cestu k dalsi dodate¢né

stabilizaci komplexu ptidanim vice nabitého postranniho fetézce.

Tabulka 3: Vybrané ultraafinitni ligandy a jejich asocia¢ni konstanty.

ligand R1 R2 Kce7[M™] Kces[M™]
F12 CH,OH H  (3,240,5)x10° -
R1/? R, F22 CH2N*(CHz3)s H  (4,1£1,0)x10% -
F3? CH2N*(CHz3)s =R: (3,3+1,0)x10% -
R B1P CH2OH (6,1£0,5)x10° -
@ B2° CH2NHz* (2,0£0,5)x10% -
Ry B3® CHNH2*(CHz)sNH"Me: (1,2+0,5)x10'® -
" Al° OH (2,3£0,8)x10%° -
@ A2° NH3* (4,2£1,0)x10'?  (8,2+1,8)x10®
A3° NH2*(CH2)NHs* (2,4+0,6)x10  (2,2+0,6)x10
Ri iso-D1°¢ NHs* 2030 (3,3£0,8)x10"3
® is0-D2¢ NH*Me; 686 (5,7£1,5)x10%
Ry is0-D3° NH*Me(CH2)4OH 194 (9,2+2,4)x10%
/®/R1 D1°  NHg" (1,3+0,3)x 101 (8,3+2,3)x10™
R D2°  N*'Mes (1,9£0,4)x10%  (2,0£0,6)x10"2
o N
K14 (6,4£0,6)x101°  (1,2+0,5)x108

N N
\+_ \=/

apodle reference® v &isté vodé pii 298,15 K; Ppodle reference® v &isté vodé pii 298,15 K; ©
podle reference®® v 50 mM AcONa pufru (pH 4,74) pfi teploté 298,15 K; 9podle reference®! v
50mM AcONa pufru (pH 4,74) pfti teploté 303,15 K
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Na zékladé¢ vySe popsanych pozorovani lze pii¢iny vysoké afinity téchto klecovych

uhlovodiki a ferrocenu viici CB7 vysvétlit nasledujicimi prispévky ke stabilizaci komplext:

1) lipofilni jadra hostujicich molekul (tedy uhlovodikové klece nebo ferrocen) jsou
kompaktni, rigidni a geometricky komplementarni (velikost a tvar) s kavitou makrocyklu.
Umisténi lipofilniho ligandu uvnitt hydrofobni kavity vede k energetickému zisku spojenému
s uvolnénim molekul vody z hydrofobni kavity a s desolvataci povrchu ligandu (hydrofobni
efekt). Uvniti kavity se pak uplatiuji atraktivni disperzni sily, jejichz velikost koreluje s

"tésnosti" ligandu uvniti kavity.

2) umisténi kladného naboje hostujicich molekul (interakce s karbonylovymi kysliky) na
jednom nebo obou portalech CB7. Pfidani dalSich kladné nabitych skupin do venkovnich
fetézci vede k dalSimu zvySeni stability komplexu, pokud se tyto mohou na flexibilnich

spojkach otocit dodate¢nou kladné nabitou ¢asti zpét k portalu (viz naptiklad latky B3 a A3).

Pfi bliz§im prozkoumani hodnot asociac¢nich konstant uvedenych v Tabulce 3 si lze
povsimnout, ze adamantan nesouci dvé kladné nabita kvartérni amonia pouze na jednom fetézci
(nebot’ jej nelze disubstituovat v ose) tvoifi srovnatelné stabilni komplexy, jako
bicyklo[2.2.2]oktan a ferrocen nesouci dvé kladné nabité kvartérni amonia na obou koncich
v ose. Dale lze z uvedenych hodnot vidét, ze zvySeni celkového kladného naboje vede pouze k
mirnému pfirastku vazebnych afinit, coz souvisi zfejmé s omezenou schopnosti dvou kladné
nabitych skupin interagovat s jednim portadlem. Z tohoto hlediska se jako velmi perspektivni
jevi obdobné ligandy s vicendsobné nabitymi postrannimi fetézci navrzené pro CBS, ktery
preferuje eliptické uspofaddani kavity s kladné nabitou skupinou v jednom z ohnisek elipsy
prolozené kyslikovymi atomy portalu. Pokud by se na takovy ligand, naptiklad iso-D2, napojily
dalsi flexibilni fetézce zakoncené amoniovou skupinou, mohlo by dojit k relativné znacnému

zvyseni stability komplext.

Struéné lze tedy hlavni pfi¢iny vysoké stability komplexti pfisoudit témét dokonalé
komplementarit¢ mezi kavitou CB7 a rigidnim jadrem hostujicich molekul, ktera vede k
velkému entalpickému zisku jakoZto vysledku optimalniho van der Waalsova poloméru vnitini
stény hostitelské molekuly. Dal§im dulezitym faktorem pro dosaZeni vysoké vazebné afinity je
pozitivni zména entropie vyvolana uvolnénim velkého mnozstvi vody ze solvatacnich oball

hostitelské a hostujici molekuly.

Vyznam geometrické komplementarity lze dolozit i pifikladem z oblasti komplext

cyklodextrinli. Adamantan a jeho derivaty vytvaii relativné stabilni inkluzni komplexy s B-CD,
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u kterych se hodnoty asocia¢ni konstanty Ka pohybuji obvykle mezi 10°-10° M™,
Adamantanovy skelet t¢émét dokonale zapada dovnitt kavity B-CD, jelikoz jeho polomér (3,6
A) je jen nepatrné vétsi nez polomér volného prostoru uvnitf kavity B-CD v sousedstvi vodiki

H3 a H5.%

Geometrickd komplementarita souvisi s disperznimi silami, které klesaji s Sestou mocninou
zapadaji.®® Nadherny piiklad z aktualni literatury, kde geometrickd komplementarita hraje
zasadni roli je komplex mezi fullerenem Cgo a polyaromatickym ,.trychtyikem®, Ktery drzi

pohromadé vlivem disperznich sil. Tato asociace je ¥izena entropicky.>®

t-Bu’ t-Bu

Obrizek 4: Asociace mezi fullerenem Ceo a konickym nanotrychtyikem>®

V mnoha publikacich byl také pozorovan vliv prostfedi na stabilitu komplexu. Hodnota
asociacni konstanty v Cisté vod€ je vyS$i nez v roztocich pufru, vzhledem ke schopnosti
kovovych iontl (napt. K* ¢i Na®) interagovat diky kladnému naboji s karbonylovymi portaly
CB.>" Vliv soli na velikost interakce miizeme dolozit naptiklad z vysledkéi méfeni hodnot
asociaéni konstanty Ka pro komplex F3 derivatu s CB7 v fadu 10®° M1 v ¢isté vodé a v fadu
108 Mt v prosttedi 50 mM roztoku NaO>CCD3.%? Sila interakce zavisi na koncentraci soli

Mrwe

interakce mezi ligandem a Na* kationtem s karbonylovymi portaly CB7.

3.1 Aplikace ultrastabilnich host-hostitel para

Molekularni rozpoznavani molekul je jednim ze zékladnich, klicovych biologickych procesii
zajiStujicich Zivotni cyklus. Mezi rozmanité systémy, jejichZ funkce zavisi na tomto procesu,
fadime enzymy, receptory, protilatky, transportni kanalky, membrany i celé¢ buniky. Moderni
supramolekularni chemie nabizi na jedné strané¢ modely vhodné rozpoznani a popisu funkci

komplikovanych biochemickych systémil (mnohdy jen omezené stabilnich), na druhé strané
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pak stoji navrhy a ptiprava funkénich molekularnich senzort, chemickych reaktort, a dalsich

molekularnich zafizeni, kterd napodobuji funkce biologickych systémil.

S ohledem na vysokou stabilitu komplexti derivatl ferrocenu nebo adamantanu s CB7 (K ~
10217 M) 1ze uvést nékolik moznych biologickych aplikaci. Makrocyklus CB7 slouzi
naptiklad k reverzibilni ochrané aminoskupiny terapeutickych nanocastic béhem transportu do
cilové bunky. Pfidavkem kompetitoru 1-adamantylamonia (AdA) dochazi k odstranéni CB7
Z povrchu nanocastic, jelikoz CB7 vykazuje vyssi afinitu k AdA. Uvolnénim CB7 dochézi

k aktivaci nanocastic, které maji cytotoxické u¢inky na rakovinné buiky.>®

Vjiném piipadé ma AdA@CB7 par schopnost regulovat katalytickou aktivitu
karboanhydrasy (CA), coz je enzym ze skupiny lyaz katalyzujici reverzibilni pfeménu CO; a
H20 na uhli¢itanovy anion a dva protony. Aktivni misto enzymu CA je blokovéano inhibitorem
(Inh) s 2 odlisnymi vazebnymi misty. Katalyticky G¢inek enzymu je obnoven ptidanim CB7
(INh@CB7; Ka~10°%). Enzymova aktivita miize byt opét inhibovana pfidanim AdA derivatu,
ktery vyvola disociaci vazby Inh@CB7 a nasledné vede k tvorbé komplexu AdA@CB7.°

jednotka pro navazani CB7

jednotka pro navazani enzymu

Obrdazek 5: Inhibitor karboanhydrasy

Vysokou stabilitu komplexu s ferrocenemethylammoniem (FA) lze uplatnit k imobilizaci
proteindi na povrchu &astic zlata.® FA-CB7 systém poskytuje novou alternativu k streptavidin-
biotin paru v membranové proteomice. Tato specifickd interakce slouzi k izolaci proteinti
plazmatické membrany (PPM). Nejdiive je provedena ferrocenylace PPM v buikach, po
rozpadu bun€k dochazi k interakci ferrocenylovanych PPM s CB7. Proteiny lze izolovat

zahiatim nebo interakei se siln&j$im kompetitorem.5!

20



DISERTACNI PRACE

3.2 Povaha mezimolekularnich interakci nejen v kavitach

Obecné plati, ze supramolekularni chemie se tyka pouze intermolekuldrnich interakci
prostiednictvim nekovalentnich vazeb. Mezi interakce, které se projevuji v supramolekularni
chemii a potazmo i pii molekularnich rozpoznavacich procesech v biologickych systémech,
patii predevsim vodikové ¢i halogenové vazby, elektrostatické interakce (ion-ion, ion-dipo6l),
7+ - 1 interakce, disperzni sily a hydrofobni efekt. Piestoze energetické piispévky téchto
interakci jsou relativné malé, tak vzhledem K jejich velkému mnozZstvi a Casto kooperativnimu

puisobeni maji vyrazny vliv na zptsob a rychlost molekularni asociace.

Vodikova vazba, je nejsilngjsi a také nejbeznéjsi typ nekovalentnich interakci, mezi H-
atomem s deficitem elektronti a mistem s vysokou elektronovou hustotou. Typicka stabiliza¢ni

energie komplexu vizaného silnou vodikovou vazbou je 12—-21 kJ-molt. Napi. komplex
guaninu s cytosinem se tfemi vodikovymi vazbami ma stabiliza¢ni energii kolem 125 kJ-

mol—l 62

K nepfili§ zndmym typtim vazeb patii jiz zminéné halogenové interakce. Halogenova vazba
je atraktivni nekovalentni interakce mezi elektrofilnim mistem vdzaného atomu halogenu (fluor
vazany na uhlik tento typ vazby netvoii) a Lewisovy baze. Jde v podstaté o obdobu vodikové
vazby ovSem s tim rozdilem, ze parcialni kladny naboj na povrchu polarizovatelného atomu
halogenu se nachazi pfimo naproti kovalentni vazby mezi halogenem a zbytkem molekuly.
Halogenova vazba je tedy vysoce smérovd, thly D—X- - - A se jen velmi mélo odchyluji od
180°. Pted neddvnem byla publikovana tvorba zajimavé supramolekularni kapsle, kterd drzi
pohromadé pravé diky halogenovym vazbam.®® Neutralni dimerni kapsle byla slozena ze dvou
hemisfér, tera(jodethynyl) je zde donorem a tetralutidin vystupuje jako akceptor Ctyf

halogenovych vazeb.
Elektrostatickeé sily se uplatiiuji pfi vzajemnych interakcich nabitych ¢astic, pfipadné ¢astic
vykazujicich permanentni dipélovy moment (latky s nesymetrickym rozloZenim elektronové

hustoty). Jejich vyznam z hlediska molekularniho designu spo¢iva hlavné v host-hostitel chemii

iontovych latek, jako je napt. komplexace kationtil ¢i aniontd.

Dalsi komplexni typ mezimolekularnich sil pfedstavuje tzv. n- - - stacking, coZ je termin

pouzivany pro interakce aromatickych systémi tvoficich charakteristické vrstvené struktury.
Tento typ interakce je velmi vyznamny naptiklad pro stabilizaci struktury DNA, RNA, skladani

proteint a v dalSich biologickych systémech ¢i pochodech. Velmi ¢asto se 1ze setkat se systémy
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ve tvaru trojvrstvy, nazyvané také n-sandwiche. V literatufe je uveden krasny ptiklad struktury,
kde hostitelska molekula preorganizovana do tvaru jakési pinzety dokaze ,,uchopit* molekulu

fullrenu Cgo pomoci zminénych m- - - interakei.®

Nejslabsi mezimolekulové interakce — disperzni sily — jsou zalozeny na nahodilé fluktuaci
elektronovych hustot v molekulovych (pfipadné¢ atomovych) orbitalech. Tyto sily, jejichz
intenzita klesd s Sestou mocninou vzdalenosti, jsou vzdy pfitazlivé. Zasadnim zplisobem se
uplatiuji tam, kde se k sobé velké povrchy molekul ptiblizi na malou vzdalenost (naptiklad

proteinové podjednotky).
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4. PRIKLADY ZAJIMAVYCH SUPRAMOLEKULARNICH
SYSTEMU

V poslednich letech jsou v supramolekularni chemii hledany systémy vykazujici kineticky
nebo termodynamicky fizené reorganizacni chovani podminéné vnéjSimi vlivy napt. zménou
koncentrace signalnich molekul, pH, teploty, pfipadn¢ na zaklad¢ fotochemického impulzu.
Obdobné principy jsou podstatou funkce slozitych biomolekul, jako je naptiklad vSeobecné
znamy systém avidin—biotin, ktery vykazuje nejsiln€j$i nekovalentni interakci v ptirode,
vazebna konstanta dosahuje 10*° M 1.8

Vytvatreni novych syntetickych dvojic ligand-receptor (host-hostitel), které mohou nahradit
systém avidin-biotin je dilezité pro spravné pochopeni nekovalentnich interakci, ale také pro
praktické aplikace.

Pifi termodynamicky fizeném vzniku komplexu odpovidd pozorovany stav vzdy
termodynamické rovnovaze. Naopak pii kineticky fizené interakci lze tvorbu komplexu,
pripadné komplexnéjsi reorganizaci sytému, sledovat v redlném case. Kineticky fizené systémy,
tedy takové, kde ustanovovani rovnovahy trva dlouhou dobu, napiiklad srovnatelnou s
fyziologickymi procesy, jsou zajimavé zejména pro mozné medicinské aplikace, jako je fizené
skladovani, transport a uvoliiovani IéCiv.

V odborné literatufe poslednich let bylo popsano né¢kolik zajimavych termodynamicky i
kineticky fizenych supramolekularnich systému zalozenych na cucurbit[n]urilech a mnohdy
soucasné na ultraafinitnich ligandech popsanych vyse.

Dynamické chovani systému zahrnujici CB6, CB7, monotopicky ligand 1,4-
diaminocykloxehan (1) a heteroditopicky ligand (2) s adamantylovym (Ad) a butylovym mistem
(Bu) popsala skupina profesora Isaaca.®® Po ptidani smési CB6/7 k roztoku ligandt 1 a 2 dochazi
bezprostredné k vytvoreni komplexti 2@CB6 a 1@CB7. Systém se v ¢ase vyviji, za 56 dni
dospéje do termodynamické rovnovahy, kde ligand 1 upfednostiiuje CB6 a ligand 2 vytvaii
pevny komplex s CB7. Diivodem pro opozdénou interakci 2 s CB7 je pravdépodobné pomalé

opousténi kavity CB7 hostem 1.
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Schéma 2: Kinetickda x termodynamicka sebeskladba

Nasledné Kaifer a jeho skupina®’ popsali jiny systém obsahujici pouze jeden heteroditopicky
ligand (3) s ferrocenylmethylovym (FM) a adamantylovym (Ad) vazebnym mistem, ktery
bezprostiedné po smichani s CB7 tvofi ekvimolarni smés dvou supramolekuldrnich komplext
3@CB7™ a 3@CB7A%. Tato smés se v &ase vyviji smérem k termodynamicky stabiln&j$imu

komplexu, az po pifiblizn€ 10 h zcela ptevladne komplex s CB7 vazanym na adamantyl, tedy
3@CB7A.

Obrazek 6: Heteroditopicky ligand 3 vykazujici pomalou reorganizaci komplexu s CB7

Kromé vySe popsanych reorganizaci supramolekularnich komplexd, ma rovnéz vyznam
studovat systémy reagujici na vnéjsi podnéty, napiiklad agregacni procesy fizené zménou pH.
Piikladem takového systému muze byt ¢tyikomponentni smés obsahujici B-CD, CB6 a dva
ditopické ligandy 4 a 5 na bazi adamantyl(alkyl)amonia, které vytvaii piti pH<7 komplexy
4H"@CB6 a 5@B-CD. V alkalickém prostiedi (pH>13) dochazi k deprotonaci ligandu 4, ktery
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poté interaguje s B-CD za vzniku komplexti 5@CB6 a 4@B-CD.%8 Tvorba komplexti v zavislosti

na pH je zndzornéna na Schématu 3.

4H@CB6  5@pB-CD 5@CB6 4@p-CD

@ 4 5
NN f/ﬁ\\//\\v/”\\
N N

H /\\

Schéma 3: Reorganizace supramolekularniho systému rizena zménou pH

Kaifer a jeho spolupracovnici®®

ve své praci popsali jiny zajimavy supramolekularni komplex
s CB7 a viologenovym derivatem 6, ktery v zavislosti na pH roztoku vykazuje dvé mozna
uspofadani. Pii nizkém pH se CB7 vaZe pfevazn¢ hydrofobnimi interakcemi na hexylovy
fetézec, pricemz dochéazi k rychlému piesunu CB7 mezi obéma identickymi termindlnimi
vazebnymi misty. ZvySenim pH roztoku dojde k deprotonaci COOH skupin, coz vede k silné
elektrostatické repulzi mezi zdporné nabitymi karboxylaty a karbonylovymi kysliky lemujici
portaly CB7. V dusledku této repulze je zabranéno volnému pohybu CB7 po ose ligandu 6 a

CB7 se vaze na bipyridiniovou ¢ast. Tento typ supramolekularniho ligandu Ize vyuzit jako

molekulérni prepinac.
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Obrazek 7: Dva rozdilné vazebné mody zavislé na pH prostredi.

Z literatury jsou znamy i systémy vyuzivajici principu pozitivni kooperace, zpravidla mezi
makrocykly vdzanymi na jeden multitopicky ligand. Tento efekt byl naptiklad popsan pii tvorbé
ternarniho komplexu 1:1:1 zahrnujiciho ditopickou molekulu dihexylamonia (DHA) s CB6 a f3-
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CD.”™ V prvni fazi CB6 interaguje s jednim hexylamoniovym fetézcem molekuly DHA, po
pridani B-CD K binarni smési DHA@CB6™4 (1:1) dojde k vytvoieni velmi stabilniho ternarniho
komplexu DHA@(CB6"A, B-CDMA) s asociaéni konstantou Ka = 2150 M. Z rozboru titraci
binarnich systému bylo zjisténo, Ze piitomnost CB6 zvySuje vyrazné vazebnou afinitu f-CD k
druhému hexylamoniovému fetézci DHA, kterd je 33% vysSi nez pfi interakci se samotnym
hexylamoniem. Komplex je stabilizovan pfispénim atraktivnich interakci mezi OH skupinami

B-CD a karbonyly portalu CB6 prosttednictvim vodikovych vazeb O—H:--O.

-
- ~,

r )
3 H Hz

~.--"

Obrizek 8: Terndarni komplex DHA@(CB6"A, g-CD"4)

Jiny zajimavy ptiklad tvorby ternarniho komplexu vyrazné stabilizovaného tzv. lateralnimi
interakcemi, tedy interakcemi mezi makrocykly vdzanymi na jeden ligand, uvetejnili v roce
2016 Kaifer a spol.”* V tomto systému interaguje diaminovy ligand (GH»?*) soucasné s
molekulou tetrakationtu cyklobis(paraquat-p-fenylenu) (BB4") a dvéma molekulami CB7.
Piitomnost BB4* na centrilni p-dioxybenzenovém misté ligandu GH,?* podstatné zvysuje
vazebnou afinitu CB7 k jednomu z hexylovych fetézct symetricky umisténych na obou koncich
ligandu. Ke stabilizaci komplexu vyznamnou mérou pfispivaji laterdlni interakce mezi
karbonylovymi portadly CB7 a kladnymi néboji BB4". Atraktivni interakce, jejichz velikost
autoii studie spo¢itali na 8x10° M™%, jsou vysledkem kooperativnich vazebnych efektd, které

pomahaji pfekonat entropickou bariéru pfi sestavé vice komponentnich systémil.

GH,%*
+
P WL L N,
P B PN D O
H3N
S e J J
\\/ \'4 \v
CcB7 BB#* CB7

Obrazek 9: Komponenty systému silné stabilizovaného lateralnimi interakcemi.

Vliv kooperace cyklodextrinu a cucurbiturilu na stabilizaci komplexii a souvisejici
ovliviiovani povrchového napéti studovala Schmitzer a jeji spolupracovnici,’? ktefi pouzili

methylendiimidazoliové soli N,N'-disubstituované dvéma aromatickymi skupinami. Pii tvorbé
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bindrnich komplexi se makrocyklus, tedy CD nebo CB7, vzdy vadZe na vnéjs$i aromatické
substituenty. Pfidanim B-CD K binarni smési ligand@CB7 dochazi k navazani $-CD opét na
termindlni aromatické vazebné misto, ale CB7 je ,pfitazen* na imidazoliovy kationt, tedy
primarné nepreferovanou pozici ligandu. Autofi vSak v této publikaci velikost interakce mezi
makrocykly nekvantifikovali.

Piestoze CBn doposud nenalezly uplatnéni v komer¢nich produktech, jsou intenzivné
studovany a nabizi Siroké spektrum aplikaci. Na zavér této kapitoly uvadim ptiklad vystavby
zajimavého bifenylového rotaxanu s navazanym derivatem y-CD uprostied, ktery je z obou stran

uzavieny pomoci CB6."

NE // i 1 iv-CD "‘
e b T o B -
Vi T

Obrazek 10: Priprava a struktura chiralniho fotosenzitdtoru

Rotaxan piedstavuje chiralni fotosenzitator, ktery je schopen isomerovat Z,Z-cyklookta-1,3-
dien na chiralni E,Z-cyklookta-1,3-dien s enantiomernim piebytkem az 15,3 %. Fotochemicka
reakce probihd v dutiné bifenylového rotaxanu. Pfi syntéze tohoto katalyzatoru byla vyuZita
[3+2] dipolarni cykloadice dialkynu s dvéma molekulami azidu. Enantioselektivni katalytické
systémy jsou velmi hledané zejména pro ucely totalnich syntéz 1éCivych latek ptirodniho ptivodu
¢i jejich analogt. Tento piiklad supramolekularniho reaktoru vykazujiciho nezanedbatelny
enantiomerni piebytek naznacuje jeden z velmi vyznamnych smérl, kterym se muize ubirat

supramolekularni chemie.

N 4
e
(R) (S)

Obrazek 11: Reakce katalyzovanad rotaxanem
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5. CILE DISERTACNI PRACE

Cile disertacni prace jsou shrnuty v nasledujicich bodech

Na zaklad¢ dostupné literatury navrhnout piipravu latek (supramolekularnich ligandi)
sodliSnymi vazebnymi misty ve struktufe molekul vhodnymi pro interakce

s hostitelskymi molekulami na bazi cyklodextrind a cucurbit[n]urilg.

Pripravit heteroditopické ligandy s 1-adamantylovym motivem a popsat jejich

supramolekularni chovani s makrocykly typu cyklodextrinti a cucurbit[n]urild.

Ptipravit heterotritopické ligandy s centralnim vazebnym mistem na bazi 1,4-
disubstituovaného bicyklo[2.2.2]oktanu, nebo 4,4'-bifenylu a prozkoumat jejich vazebné
chovani s makrocykly typu cyklodextrint a cucurbit[n]urild.

Pfipravené intermediaty a produkty izolovat pomoci preparativnich separacnich technik
(chromatografie, krystalizace) a poté charakterizovat a identifikovat pomoci vhodnych

instrumentalnich metod (ESI-MS, NMR, GC-MS, IR, EA).

Stabilitu ptipravenych komplexd stanovit pomoci isotermické kalorimetrické titrace
(ITC), strukturni vlastnosti téchto komplexti studovat metodou NMR a pomoci

molekulového modelovani.

Vysledky ziskané po dobu védecko-vyzkumné c¢innosti publikovat v mezindrodnich

odbornych Casopisech a prezentovat na mezinarodnich védeckych konferencich.
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6. KOMENTARE A SOUHRN VYSLEDKU

Spolecnym a spojujicim prvkem nésledujicich podkapitol této prace byla piiprava findlnich
latek, tedy supramolekuldrnich ligandt, derivatizovanych nepolarnim 1-adamantylovym
substituentem. Adamantanovy skelet byl vybran vzhledem k tomu, Ze pfedstavuje vazebné
misto vykazujici velmi vysokou afinitu k makrocyklim na bazi cyklodextrind ¢i

cucurbit[n]urild.

Postupné bylo ptipraveno nékolik skupin multitopickych ligandd, v jejichz molekulach byly
kombinovany rtizné strukturni motivy, které umoznuji vznik komplikovangjsich vazebnych
modd, tedy tvorbu komplext s vice makrocykly vazanymi k jedné molekule ligandu. Piipadna
komplexace piipravenych ligandi s makrocykly byla studovana z nékolika thlt pohledu.
Stechiometrie a stabilita vznikajicich komplexi byla stanovena pomoci isotermické titra¢ni
mikrokalorimetrie (ITC), nuklearni magnetické rezonance (NMR) ¢i hmotnostni spektrometrie
(ESI-MS). K navrzeni geometrie komplext ligand-makrocyklus byly provadény 2D NMR

experimenty.

Predmétem této disertacni prace jsou Ctyii publikace postupné stru¢né komentované v dal§im
textu. Béhem doktorské prace jsem se jako spoluautorka podilela na vzniku jesté jedné, do
tohoto souboru nezafazené, publikace (Cernochova et al Chem. Eur. J. 2012, 18, 13633-13637).

Tato publikace byla souéasti diserta¢ni prace Jarmily Cernochové.

Cislovani latek v komentafich k publikacim se shoduje s origindlnim d&islovanim v

jednotlivych publikacich a netvofii tedy jednu ucelenou fadu.

29



DISERTACNI PRACE

6.1 Novel Adamantane-Bearing Anilines and Properties of Their
Supramolecular Complexes with 3-Cyclodextrin

Robert Vicha, Michal Rouchal, Zuzana Kozubkova, Ivo Kufitka, Radek Marek, Petra
Brann4, Richard Cmelik

Supramolecular Chemistry, 2011, 23, 663-677. DOI: 10.1080/10610278.2011.593628
Ptiloha I — strana 46
KOMENTAR K PUBLIKACI |

V této doktorské praci jsem navazala na svou diplomovou praci, kde jsem se zabyvala
stanovovanim termodynamickych parametri supramolekuldrnich komplexi prostfednictvim
isotermické titra¢ni kalorimetrie (ITC). Zatimco v ramci diplomové prace jsem se zaméfovala
na metodickou a technickou stranku titra¢nich kalorimetrickych experimentt, béhem disertac¢ni
prace jsem se podilela na systematickych studiich ucelenych skupin supramolekularnich
ligandd. Jednim z kol v té dobé& bylo popsat supramolekuldrni chovéni latek na bazi 1-
adamantylem substituovanych anilini s 3-CD. Pomoci ITC bylo zjisténo, ze pfipravené aminy

(Obrazek 12) vytvaii s B-CD komplexy s asociaénimi konstantami v fadech 102 M2,

(0]
| N ligand n poloha NH,

n —7NH, 6 0 para

5 =
8 7 0 meta
OH 8 1 meta
13 0 meta
T SN 14 1 meta
13-15 7 15 0 para
25 0 para
26 1 meta
Y \__NH2 27 0 meta

25-27 Z

Obrazek 12: Struktura 1-adamantylanilinii studovanych pomoci ITC v publikaci |

Je ov§em nutné poznamenat, Ze titrani experimenty byly z diivodu malé rozpustnosti ligandi
v Cisté vodé provadény ve smési DMSO/H20 (3/1, v/v). Zjisténé hodnoty konstant jsou tedy
vyrazné nizsi, nez by se ocekavalo ve vodném prostiedi. V piipadé aminoalkohold 13-15 se
nam nepodafilo stanovit hodnoty termodynamickych parametrd z diavodu uvolnovani
dodatecného tepla v prabéhu experimentd. Tento jev lze pfisoudit dodateéné rovnovaze
souvisejici s disociaci dimeri a/nebo vysSich asociati. Aminy 25 a 27 vykazovaly v prabehu
experimentt velmi pomalu ekvilibrujici exotermni proces, ktery neumoznoval interpretaci

naméfenych dat. Z hodnot asocia¢nich konstant vyplyva, Ze z hlediska stability studovanych
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komplexi jsou vyhodnéjsi ligandy s delSim nepolarnim fetézcem mezi adamantanovym

skeletem a zbytkem molekuly.

6.2 Cooperative Binding of Cucurbit[n]urils and B-Cyclodextrin
to Heteroditopic Imidazolium-Based Guests

Petra Brann4, Jarmila Cernochova, Michal Rouchal, Petr Kulhanek, Martin Babinsky,
Radek Marek, Marek Necas, Ivo Kufitka, Robert Vicha

The Journal of Organic Chemistry, 2016, 81, 9595-9604. DOI: 10.1021/acs.joc.6b01564
Ptiloha II — strana 62

KOMENTAR K PUBLIKACI |1

Na této publikaci jsem se jako spoluautorka podilela ptipravou meziproduktii a finalnich
produktd, konkrétné ligandu 3 a 4 (Obrazek 13). Dale jsem provedla veskera kalorimetricka
meéfeni a podilela se na interpretaci termodynamického chovani ligandi popsanych v této
publikaci. Rovnéz jsem se podilela na interpretaci dalSich supramolekuranich studii
provadénych pomoci NMR. Studovana byla schopnost ptipravenych (benz)imidazoliovych
ligandi 1-7 (Obrazek 13) tvofit supramolekularni komplexy s a-CD, B-CD, CB6 a CB7. Tyto
ligandy obsahuji ve své struktufe adamantanové vazebné misto, kde se diky geometrické i
elektronové komplementarité vazi hostitelské molekuly s vét§im primérem interni kavity jako
napiiklad B-CD nebo CB7. Butylovy fetézec pak piedstavuje druhé vazebné misto, které je

preferované hostitelskymi molekulami s mensim praimérem kavity jako je CB6 nebo a-CD.

g, 5
WEN/R ligand m R X
1 0 Me I
© 2 0 Bu Br
1-4 3 1 Me I
o x° 4 1 Bu Br
NN-R 5 0 Me I
@{Y@ m@ 6 0 Bu Brl MsO
o} 7 1 Bu MsO

5-7
Obrazek 13: Struktura (benz)imidazoliovych soli popsanych v publikaci 11
V nasi vyzkumné skupiné jsme se zacali zabyvat t€émito ligandy, jelikoz jsme hledali vhodné
silné polarni spojky pro piipravu ditopickych ligandii. Jako nejvhodnéjsi se pro tento ucel
ukazalo vyuziti imidazoliovych kationtd. Vzhledem k jejich poldrnimu charakteru jsou

zpravidla alesponi ¢aste€né rozpustné ve vodném prostiedi. Kromé toho mohou imidazoliové
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soli vykazovat katalytickou aktivitu. V neposledni fadé mohou tyto latky po odtrzeni protonu z
C2 imidazoliového kationtu fungovat jako N-heterocyklické karbenové ligandy v komplexech
s riznymi kovy.

skupinou heteroditopickych ligandi:

1) Podaftilo se nam nalézt metodiku méteni velmi vysokych asocia¢nich konstant (Ka) —
kompetitivnim pfistupem. Stanovit Ka S vysokou piesnosti ptimou titraci 1ze pomoci ITC pouze
do hodnot K, ~ 10° M™%, Hlavnim problémem bylo nalezeni vhodného kompetitoru, nebot’
rovnovaha v systému béhem titrace se musi ustanovovat relativné rychle, naptiklad ve srovnani

s NMR titraci, kde mtize byt doba ekvilibrace fadové delsi.

2) U studovanych ligandi se ndm podafilo pomoci méfeni asociacnich konstant u
modelovych slou€enin a porovnanim s chovanim ditopickych ligandii (obsahujicich na jednom
konci molekuly adamantanové vazebné misto a na druhém butylové vazebné misto)
kvantifikovat atraktivni interakce mezi CBn---B-CD (1,7-7,2 k- mol™?) a zejména repulzivni
interakci mezi CB6---CB7 (2,8 k- mol™?). Repulzivni interakce mezi makrocykly vazanymi na

jeden ligand byla experimentalné stanovena viibec poprvé.

3) Podatilo se nam popsat zajimavé chovani ligandi 4 a 7 s aromatickou spojkou mezi
adamantanovou kleci a imidazoliovym jadrem nereflektujici individudlni preferenci vazebnych
mist. Takovéto chovani jsme pozorovali u komplexu 4@CB749, kde po ptidani p-CD dochézi
k vytlateni CB7 z adamantanového vazebného mista B-CD, pfestoze individualni afinita
adamantanového mista je o dva fady vyssi ve prospéch CB7 (Obrazek 14). Tato energeticka

ztrata je vSak kompenzovana vazbou CB7 na butylové vazebné misto a celkové je tento proces

termodynamicky vyhodny.
atraktivni \‘*\‘ PrETN repulzivni
~ interakce cD ! H H interakce
o o -CD; CB6} s
- >
log Ka~5 log Ka~6 R e log Ka~6

Obrazek 14: Demonstrace potlaceni individualni preference vazebnych mist a interakce mezi
makrocykly vdzanymi na ligand 4
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6.3 Rotaxanes Capped with Host Molecules: Supramolecular
Behavior of Adamantylated Bisimidazolium Salts
Containing a Biphenyl Centerpiece

Petra Branna, Michal Rouchal, Zdenika Pruckova, Lenka Dastychova, René Lenobel,

Tomas Pospisil, Kamil Mala¢ and Robert Vicha

Chemistry — A European Journal, 2015, 21, 11712-11718. DOI: 10.1002/chem.201501353

Ptiloha III — strana 73
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Na této publikaci jsem se jako spoluautorka podilela kompletni pfipravou vsech produkti,
jejich izolaci a identifikaci. Kromé toho jsem se podilela také na interpretaci vysledki studii
supramolekuldrniho chovani ptipravenych ligandi. Na méfeni termodynamickych parametri
jsem se podilela jen ¢aste¢né. V pribéhu feSeni tohoto projektu jsem naucila metodiku méteni
pomoci isotermického titra¢niho kalorimetru Ing. Zdeniku Pruckovou, Ph.D., abych se mohla
naplno vénovat syntetické casti své prace.

Tato studie navazuje na publikaci vydanou v roce 2012 popisujici chovani ligandl na bazi
bis(benz)imidazolia s variabilni délkou a sterickymi naroky spojovaciho fetézce v plynné fazi.’*
Tato bis(benz)imidazolia se dvéma adamantanovymi terminalnimi misty umoziuji vznik
komplexti se stechiometrii 2:1. Struktura ligandd zde sehrala vyznamnou roli, jelikoz
V zavislosti na objemnosti sterické zabrany jsme mohli pozorovat vznik n¢kolika typti komplexti
s CB7, kdy se molekula CB7 pohybuje volné po podélné ose ligandu nebo se pohybuje omezené
anebo je molekula CB7 navédzana na konec ligandu a nemlZe se posunout pfes osu ligandu
k protilehlému konci. Rozborem hmotnostnich spekter bylo zjisténo, ze volny nebo branény
pohyb makrocyklu CB7 po ose ligandu mél za nasledek rizny mechanismus rozpadu ligandu.?
V navazujici studii jsem se pokusila do struktury symetricky substituovanych ligandd,
konkrétné do centralni ¢asti molekuly, zavést dalsi vazebné misto na bazi bifenylu. Struktura

ptipravenych latek je uvedena na Obrazku 15.

2 Na vyse citované publikaci jsem se také podilela jako spoluautor, avsak do souboru ¢lanku, které tvofi tuto
disertacni praci, jsem ji nezaradila, jelikoz to neumoziiuje studijni a zkuSebni fad UTB ve Zliné.
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Obrazek 15: Struktura bis(benz)imidazoliovych ligandii popsanych v publikaci 111

Bifenylovy skelet byl vybran pro svoji rigiditu a tim jasn¢ definovanou délku. Navic je
znamo, ze geometrické parametry bifenylu umoznuji komplexaci makrocykld na bazi
cyklodextrint i cucurbit[n]urilé.”"® Od takto modifikovanych ligandi jsem o¢ekévala, Ze budou
tvofit komplexy az se tfemi molekulami makrocykli. Obménou struktury imidazoliovych
kationtii jsem rovnéz ménila sterickou naro¢nost téchto ¢asti molekul, jez mtize vést k odliSnému
vazebnému chovéni, jak je zndmo z piedchozi publikace.”® Postup ptipravy tritopickych ligand@
1-3, 67 a dvou ligandt reprezentujicich modely centralniho vazebného motivu je zobrazen na
Schématu 4. Vychozi latka, komeréné dostupny 4,4’-bis(brommethyl)bifenyl byl
kvarternizovan jiz diive pfipravenymi alkyla¢nimi ¢inidly v toluenu. Alternativni dvoukrokovy
ptistup spocival v nukleofilni disubstituci 4,4"-bis(brommethyl)bifenylu (benz)imidazolidem
sodnym, ¢imZ jsme nejprve ziskali pfislusné intermediaty S1 a S2, a ty nasledné podrobili
dvojnasobné kvarternizaci v ¢istém methyljodidu. Vytézky latek 1-7 z uvedenych reakci byly
uspokojivé a pohybovaly se vrozmezi 51-99 %. U pfipravenych ligandi byly zkoumény
supramolekularni  interakce s hostitelskymi molekulami na bazi cyklodextrini a
cucurbit[n]urilt. Modelové ligandy 4 a 5 vytvati s 4,4"-bifenyl bisimidazolovym centralnim
vazebnym mistem (BiPh) inkluzni komplexy s B-CD a s CB7 s asocia¢nimi konstantami fadové

10%-10%a10° M1,
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Schéma 4: Priprava bis(benz)imidazoliovych ligandii popsanych v publikaci 111

K nejzajimavéj$im vysledklim této ¢asti mé prace patii prokazani schopnosti ligandu 2 tvofit
ternarni komplex 2@(CB72”9, B-CDB") v rotaxanovém uspoiadani, i kdyz podle zavedené
terminologie se o rotaxan nejednd. Rotaxany jsou definované jako struktury slozené z
hostitelského makrocyklu, jenz je navleCen zpravidla na linearni molekulu hosta a na obou
koncich molekuly hosta se nachazi stericky objemné skupiny, které brani jeho vysmeknuti.
Zatimco jako pseudorotaxany jsou oznafovany struktury, které na koncich molekuly hosta
nemaji dostate¢n¢ stericky objemné skupiny. Po pfidani 3,2 ekvivalentd B-CD k roztoku ligandu
2 jsme pozorovali pomoci *H NMR spektroskopie vznik komplexu 2@(B-CD2"%), smés jsme
nasledné titrovali roztokem CB7. Béhem piidavani roztoku CB7 dochazelo postupné k nahradé
B-CD na terminalnich pozicich, ovSem jedna molekula B-CD se posunula na centralni
bifenylové vazebné misto, kde byla uzaméena ve struktuie dvéma makrocykly CB7 na
termindlnich adamantanech. Strukturu v takovém uspofaddni bychom mohli oznadit jako
[4]pseudorotaxan. Nicméng pokud jsme pfipravili komplex 2@CB7:”? a ptidali ke smési
nadbytek B-CD nepozorovali jsme vznik komplexu 2@(CB7,"%, B-CD®P") ani po né&kolika
meésicich. Z toho plyne, ze CB7 vazany na adamantanovou klec na obou koncich ligandu
pfedstavuje nepiekonatelnou (alespoit v redlném case) bariéru pro B-CD, ktery se nemulzZe
navazat na centralni ¢ast. Pfedpokladame tedy, ze ani B-CD se nemuze z jinak vytvofeného
komplexu 2@(CB72"9, B-CDBP" vysmeknout a strukturu z pohledu B-CD miizeme oznadit za
rotaxan. Nezavisle na nasi studii byla potvrzena moznost vyuziti komplexu tvofeného z CB7 a
ultraafinitniho vazebného motivu, v tomto piipad¢ ferrocenu, pro konstrukci supramolekularné

uzavienych rotaxanovych uskupeni i jinou vyzkumnou skupinou.’” V zasadé m4 tento fenomén

vvvvvv
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systémull. U supramolekuldrnich rotaxanid Ize takovou zménu vyvolat napiiklad chemickymi
signaly, zatimco u klasickych rotaxanii s kovalentné¢ vazanymi blokujicimi skupinami takovyto
piistup neni mozny. Supramolekuldrné¢ blokované rotaxany tedy vyhodné spojuji stabilitu
klasickych rotaxanti s moznosti ménit uspotradani piidanim vhodnych kompetitorti, coz je bézné

u pseudorotaxanovych uskupeni.

H-vazba

iB-CDY

Obrazek 16: Schématické znazornéni vzniku komplexu v rotaxanovém usporadani

Ligand 6 vykazoval rovnéz velmi zajimavé supramolekuldrni chovani. Pomoci 'H NMR
spektroskopie bylo pozorovano, Ze, na rozdil od ligandu 2, vytvati komplex v rotaxanovém
usporadani jiz se samotnym B-CD (Obrazek 17). V piebytku B-CD tedy vznika komplex 3:1
(6@(B-CD2AY, B-CDB™M s jednou molekulou B-CD vazanou na centralni BiPh misto v rezimu
pomalé vymény, zatimco cyklodextrinové jednotky vazané na termindlni adamantanova mista
vykazuji rychlou vyménu s 3-CD v roztoku. Tento pfedpoklad podporuje piitomnost dvou sad
signali pro cyklodextrin v 'H NMR spektru smési obsahujici ligand 6 a p¥iblizné pét ekvivalenti
B-CD. Zda se, ze tato schopnost ligandu 6 plyne z rozdilu mezi bisimidazoliovym a
vaze B-CD pevné&ji. Oba typy komplexti 2/6@p-CDn vsak vedou po pfidani dvou ekvivalentt
CB7 k vytvofeni analogickych uskupeni 2/6@(CB72"9, B-CDB®P"), jak je naznadeno na
Obrazku 17.
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Obrazek 17: Demonstrace rozdilného chovani tritopickych ligandii

6.4 An Adamantane-Based Disubstituted Binding Motif with
Picomolar Dissociation Constants for Cucurbit[n]urils in
Water and Related Ternary Aggregates

Eva Babjakova, Petra Branna, Magdalena Kuczynska, Michal Rouchal, Zdeiika Pruckova,
Lenka Dastychova, Jan Vicha, Robert Vicha

RSC Advances, 2016, 6, 105146-105153. DOI: 10.1039/c6ra23524g

Ptiloha IV — strana 81

KOMENTAR K PUBLIKACI IV

Na této publikaci jsem se jako spoluautorka podilela métenim termodynamickych parametrt
pomoci ITC a interpretaci vysledkii supramolekuranich studii bisimidazoliovych liganda,
jejichz centralni cast je tvotfena 1,3-disubstituovanym adamantanem. Studovana byla schopnost
ligandt tvorit supramolekularni komplexy s 3-CD, CB6, CB7 a CB8.

Dtivodem pro¢ jsme se rozhodli zabyvat témito ligandy je skuteCnost, Ze zatimco
supramolekuldrni vazebné chovani adamantanu na terminalnich pozicich je jiz patfiéné
popsano, V dostupné literatufe neexistovala studie ligandt, kde centralni ¢ast tvoii vhodné
disubstituovana adamantanova klec. Mozné pochybnosti o vhodnosti vyuziti adamantanového
skeletu pro konstrukci centralniho vazebného motivu vyplyvaji pfimo z jeho struktury. Idealni
centralni motiv by mél umoziovat navazani dvou substituentd v ose. Adamantan nelze
disubstituvat axialné, jelikoz jakékoli dva substituenty smétuji do vrcholl tetraedru a vazby k
nim sviraji teoreticky uhel 109° 27'. Substituenty tak mohou piekazet ¢i zcela branit tvorbé
inkluznich komplext. Vzhledem k této skute¢nosti jsme piedpokladali, Ze takové vazebné misto

bude stericky méné vyhodné, nez vazebné misto odvozené od monosubstituovaného
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adamantanu. Za predpokladu mozného sterického branéni imidazoliovych kruhti v okoli portalt
hostitelskych molekul byl k navazani imidazoliovych jednotek na centralni adamantan zvolen

flexibilni ethylovy mistek. Struktura ptipravenych latek je uvedena na Obrazku 18.

@/\Rz
N
L) .
N ligand R,
5 H
6 n-Pr
7 Ad
NN
N—
5-7 =" R,

Obrazek 18: Struktura ligandii popsanych v publikaci 1V

K nejzajimavéjsim vysledkiim této studie patii zjisténi neocekavané silné afinity centralniho
mista k CB7 (Ka~10* M™") a zejména k CBS8 (Ka~102 M™1).> Tento fakt spolu s vhodng
nastavenou afinitou terminalnich (T) mist umoznil v pfipadé ligandu 7 konstrukci ternarniho
komplexu, ve kterém je B-CD jednotka uzamcena v centralni pozici (C) dvéma makrocykly CB7
(7T@(B-CD®,CB7;")) nebo komplexu s inverznim uspofadanim makrocykli, tedy CB8 na
centralnim misté uzavieny dvéma jednotkami B-CD na terminalnich pozicich (7@(B-CD:',
CB8C)). Ob& moznosti jsou schematicky znazornény na Obrazku 19. V této studii jsme tedy
demonstrovali moznost konstrukce odliSnych supramolekularnich uspotfddani diky volbé

vhodnych vazebnych motiva.

Senae?
7= EE— 7 i
o Wi an "CBSI.
r. 1 =t
log K,~11 iCB7; | iCB8: log K,~12
Sacsa?, [ - ;4

T i3-CD"

7@(p-CD,’,CB8°)

Obrazek 19: Vznik terndrniho komplexu7@(B-CDC,CB7,") a 7@(S-CD;", CB8®)

bV dobé studia t&chto komplexii v nasi laboratofi byl ligand 7 nejsilngji vazanym hostem pro CBS.
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6.5 Syntéza ligandi s centralnim vazebnym mistem na bazi 1,4-
bicyklo[2.2.2]oktanu a studium jejich supramolekularniho
chovani s makrocykly na bazi CDs a CB[n]

Komentar posledni c¢asti mé doktorskeé prace. Tyto vysledky nebyly dosud publikované.

Od samého zacatku doktorského studia az do doby, nez jsem piesla na kombinovanou formu,
jsem se, soub&ézné s jinymi projekty, zabyvala pripravou heterotritopickych ligandt S nepolarni
centralni ¢asti na bazi bicyklo[2.2.2]oktanu. Vysledky ziskané v této oblasti mé prace nyni
formulujeme do podoby rukopisu a rovnéz probihaji prace na dokonéeni popisu
supramolekularniho chovani pfipravenych ligandi s cyklodextriny a cucurbit[n]urily. Z
hlediska vyssi variability a moznosti fizeni komplexacnich modu se zdalo byt zajimavé zavést
do molekul bisimidazoliovych soli, konkrétné tedy do centralni ¢asti, strukturné odlisny motiv,
ktery by vazal pfislusné makrocykly silou srovnatelnou s terminalnim adamantylovym
substituentem (na rozdil od bifenylového motivu, ktery vykazuje afinitu k uvazovanym
makrocyklim vyznamné niz§i nez vazebnd mista na bazi adamantanu). Vybrany
bicyklo[2.2.2]oktanovy mustek se fadi mezi znamé ultraafinitni vazebné motivy a neméné
vyznamna je moznost jeho axialni disubstituce.

Na zékladé prizkumu literatury jsem pii ptipravé kli¢ovych intermediatl vychéazela z jiz
publikovaného postupu (viz Schéma 5) vedoucimu k 1,4-dihydroxymethylbicyklo-
[2.2.2]oktanu (6).”%"° Diol 6 byl za ugelem zvyseni vytézku, piipraven také redukci esteru 5
roztokem boranu v THF. Timto zpGsobem se podatilo dosahnout vytézku kolem 70 %, na rozdil
od originalniho postupu vyuzivajiciho pro redukci LiAlH4, ktery poskytoval vytézek pouze
necelych 50 %. Pro posledni krok ptipravy bicyklického prekurzoru, tedy prevedeni diolu 6 na
piislusny dibromderivat 7 jsem musela vyzkouset nékolik alternativnich postupti, nebot’ jedina
publikovand metoda vyuZivajici jako bromaéniho ¢inidla bromid fosfority® poskytovala dle
autorti pouze 13% vytézek a separacni postupy byly neadekvatné komplikované. K ziskani
intermediatu 7 jsem nakonec zvolila postup vychazejici z modifikované Appeleho reakce.5!
Piiprava dibromderivatu 7 dle navrzené¢ho postupu probihala relativné bez problému, nicméné
mensi komplikace jsme museli piekonat pii odstranéni trifenylfosfinoxidu z reakéni smési.
Latka 7 byla izolovana ve vytéZzcich 58—61 %. V poslednim kroku jsme planovali provést
dvojnasobnou kvarternizaci dibromderivatu 7 s (benz)imidazoliovymi alkylaénimi cinidly.
Reak¢ni smési byly michany pii teploté 80-110 °C v toluenu po dobu 2 tydnt bez naznaku
vzniku ocekavanych produktt 8 a 9 (monitorovano pomoci TLC), ptestoze obdobné podminky

byly dfive usp&sné pouzity k p¥ipravé série bisimidazoliovych soli.”
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Schéma 5: Priprava bicyklo[2.2.2] oktanovych derivatii 8 a 9

Po tomto netispésném pokusu o pripravu latky 8 jsem se rozhodla zvolit alternativni strategii,
tedy nukleofilni disubstituci atomt bromu latky 7 imidazolidem sodnym a naslednou
kvarternizaci (Schéma 6). V prvnim kroku jsem ziskala dilezity intermediat bis(1H-imidazol-
1-yl)methyl)bicyklo[2.2.2]oktan (10) ve vytézku 55 %. Stejnym postupem jsem zkousela
pfipravit 1 odpovidajici benzimidazoliovy intermediat. Reakci vznikla bohatd smés produkti,
pii¢emz pozadovanou latku se podafilo izolovat ve vytéZzku pouhych 10 %. Latka 10 byla
V poslednim kroku podrobena dvojnasobné kvarternizaci alkyla¢nimi ¢inidly — butyljodidem a
methyljodidem, jiz po nékolika hodinach jsem pozorovala v reakéni smési vznik srazeniny
produktt 11 i 12 (identita produktt byla prokazana pomoci ESI-MS a NMR). Produkty 11 a 12
byly izolovany ve velmi uspokojivych vytézcich 80-90 %.

Br

N Mel, ref S
[,) el, reflux
¥ Y A\ [ T RSO —_
NaH. DMF \J N\/N Bul, 80 °C \; N\yg‘)‘R
80-120 °C — = :
Br . i
7 10 (55 %) 11 (90 %), R=Me

12 (82 %), R=Bu

Schéma 6: Priprava bicyklo[2.2.2] oktanovych derivatii 11 a 12
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Pii ptiprave ligandu 8 (Schéma 7), tedy ligandu se tfemi ultraafinitnimi vazebnymi misty,
experimentll provadénych v nasi vyzkumné skupiné jsme jako prvni moznost pro ziskani
pozadovaného ligandu 8 zvolili zahfivani latky 10 Vv mnohonasobném piebytku
1-adamantylmethylbromidu. Za téchto podminek ale reakce neprobihala pravdépodobné
zdivodu nizké reaktivity alkylacniho Ccinidla. Predpoklddanou nizkou reaktivitu
1-adamantylmethylbromidu jsme zkusili obejit in situ pfipravou reaktivnéj$iho jodderivatu 13,
kdy jsem ponechala reagovat latku 10 s vychozim 1-adamantylmethylbromidem v piebytku
jodidu sodného v DMF. Za téchto podminek se nam podafilo z reakéni smési izolovat latku
v podob¢ bezbarvého prasku, avsak NMR spektra této latky neodpovidala pozadovanému
produktu 8 (zjistili, Ze se jednd pravdépodobné o latku anorganického charakteru). Rozhodli
jsme se tedy malo reaktivni bromid nahradit nezavisle pfipravenym jodderivatem 13, jenz jsme
ziskali reakci 1-adamantylmethanolu s jodidem draselnym v polyfosfore¢né kyselin¢ (Schéma
7).82Vzhledem k tomu, Ze zvolené podminky (zahtivani na 80 °C v toluenu, 2 molarni pfebytek
jodidu 13) nezajistily posun reakce k pozadovanému produktu, nas vedlo k obmén¢ reak¢nich
podminek (odstranéni rozpoustédla, zahiivani v 12 ekvivalentech latky 13, zvyseni teploty az
na 160 °C) se nam podafilo ziskat lehce naZloutlou silné¢ polarni latku. Tento material se nam
vSak nepodatilo identifikovat, pfestoze spalovaci zkouSka naznaCovala organickou povahu.
Dale jsem se rozhodla vyuzit alkyla¢ni ¢inidla s 1épe odstupujicimi skupinami. Jako prvni jsem
vyzkousela 1-adamantylmethyl-mesylat (14), ktery jsem piipravila znamym postupems®?
uvedenym na Schématu 7. Nicméné, pouZiti tohoto alkylacniho cinidla 14 v poslednim
kvarterniza¢nim kroku rovnéZz neskoncilo pozitivnim vysledkem. Reak¢éni smés byla zahtivana
po dobu 2 tydnti na 80-110 °C v toluenu, pii¢emz vznikala tézce délitelna smés latek s velkym

podilem nezreagované vychozi latky 14.

AdOH —P20s. PO pg i
Nal, 105 °C 13 (91 %)
Ad-_OH + CH,;S0,CI + TEA % Ad—_-OSO,CHs
14 (94 %)
AdCH,Br
go°c__ A
13 Vo
N =\ 80-160°C_ A 7N A\
— N
\J N\/N AdGH,Br, Nal_\/ \J N/ 6 o
DMF, 100°C A 2X
14 i
10 toluen, 80-110 °C /\ 8

Schéma 7. Kvarternizacni reakce s cilem pripravit derivat 8
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Po piedchozich neuspéSnych pokusech jsem se rozhodla pro alternativni feSeni, a to
prevedeni diolu 6 na pfislusny dimesylat bicyklo[2.2.2]oktanu 15 (Schéma 8). Zatimco
intermediat 15 se podafilo piipravit bez komplikaci a ve vysokém vytézku 97 %, nésledujici
krok, tedy pokus o dvojnasobnou kvarternizaci 1-adamantylmethyl-1H-imidazolem za

podminek uvedenych v reakénim schématu neposkytl pozadovany produkt 8.

OH 0S0,CH
Coso,cH
TEA 2CHs
CH38020I @N\//j /4\N
CH2(3|2 DMF = N ®
2:3°C 50-120 °C o
0S0,CH;
OH 0S0,CH3
15 (97 %) 8

Schéma 8: Modifikace pripravy latky 8

Vzhledem k tomu, Ze ani potencialné reaktivnéjsi dimesylat 15 neni vhodny pravdépodobné
pro svou nedostatecnou reaktivitu, rozhodla jsem se vyuzit jednu z nejlépe odstupujicich skupin
— konkrétn¢ trifluormethansulfonat. Potfebny vychozi ester 16 jsem ziskala reakci 1-
adamantylmethanolu s Tf0 ve vytézku 93%.84 V nasledujicim kroku byl triflat 16 pouzit ke
kvarternizaci latky 10 (Schéma 9). Finalnim srazenim reak¢ni smési pomoci DEE se nam
podatilo izolovat smetanové bily mikrokrystalicky prasek. Pomoci NMR a ESI-MS méteni bylo
potvrzeno, ze se jedna o pozadovanou latku 8, nicméné bylo nutné latku precistit sloupcovou
chromatografii od nezddoucich vedlejSich produktl, coz jak se ukdzalo pozdé&ji, bylo znaéné

komplikované. Latku 8 jsem tedy izolovala v relativné nizkém vytézku 37 %.

2™ CH.CI
__OH + (CF380,),0 + 0 —L 272 74 OSO,CF3

N~ 027 16 (93 %)
©0S0,CFs5
/\ @
N =\, 1, 7N =\
\; N/ toluen \; N/ @
25-60°C 0SO0,CF,
10 8 (37 %)

Schéma 9: Uspésna priprava ldtky 8

Pti snaze o ptipravu benzimidazolového intermediatu 17 jsem se pokousela vyuzit jiz diive
pripraveny derivat 15, ten prevést nukleofilni substituci na benzimidazolovy intermediat 17.

(Schéma 10) Touto cestou se podafilo ziskat pozadovanou latku 17 ve vytézku 54 %, coz je
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piekvapivé zejména proto, ze v piipadé pokusu o piipravu analogického imidazolového derivatu
10 nebyla pfeména pozorovana. Nasledné byla latka 17 v poslednim kroku podrobena
dvojnasobné kvarternizaci alkyla¢nimi ¢inidly — methyljodidem a triflitem 16 za podminek
uvedenych v reakénim Schématu 10. Latku 18 jsem ziskala bez obtizi ve velmi vysokém
V)’/téiku 96 % (struktura latky byla potvrzena pomoci NMR). Reakei latky 17 s triflatem 16
pozadované latky 9 od vedlejSich produktt pfi ¢isténi surové smési sloupcovou chromatografii

se tuto podarilo izolovat vV nizkém vytézku 10 %. Struktura latky 9 byla potvrzena pomoci NMR.

NH
El\?' NaH N/\N/\©\/ N
%» N
0SO,CH, | DMF = N/

80-120 °C
10

80-120 °C

0S0,CH;, @ 7, NaH Q SN Q
@
—> —
15 DMF /\©V reﬂux @;\Q\/N\yNO
|

7 (54 %)

16
toluen, 80 °C

©0S0,CF,
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Schéma 10: Priprava bicyklo[2.2.2]oktanovych derivatii 9 a 18

U uspesné pripravenych ligandl byly dale studovany schopnosti tvofit supramolekularni
komplexy s cyklodextriny a cucurbit[n]urily. Podle vysledkt ziskanych pomoci isotermické
titraéni kalorimetrie (ITC) tvofi ligand 12 s CB7 a CB8 stabilni komplexy s asocia¢nimi
konstantami fadové 10'1-10'2 M a stechiometrii 1:1. Z naméfenych hodnot asocia¢nich
konstant ziskanych rovnéz pomoci ITC bylo zjisténo, ze B-CD vykazuje piekvapivé velmi
nizkou afinitu k centralnimu vazebnému mistu (Ka ~ 10'-102 M), coz je v piikrém rozporu s
doposud zjisténymi asociaénimi konstantami podobnych bisimidazoliovych ligandi s B-CD (Ka
~10* M1, viz PUBLIKACE IV). Tyto neo¢ekavané nizké hodnoty asociaénich konstant mohou

byt zptisobeny zna¢nym sterickym pnutim mezi hostitelskou molekulou a ligandem se dvéma

43



DISERTACNI PRACE

planarnimi kationtovymi motivy v tésné blizkosti centralniho vazebného mista. Piehled

naméfenych parametrt ziskanych métenim pomoci ITC je uveden v Tabulce 4.

Tabulka 4: Parametry interakci ligandu s B-CD a CB6-CB8 stanovené pomoci ITC.

ligand hostitel n K[M™] AG [kJ-mol™]
11 B-CD 1,00 2,33 x 10? -13.74
12 B-CD 1,00 2,07 x 10? -13.44
12 CB6 0,42 3,77 x 10° —32.36
12 cBre 1,05 1,31 x 10% —64.53
12 CBsgP 0,93 1,66 x 10 —59.31

T=303K; voda; kompetitor: 2 hexamethylendiamin dihydrochlorid, ® methylviologen

Volnym odpafovanim rozpoustédla za laboratorni teploty se nam podatilo z roztoku D.O
vypéstovat monokrystal komplexu 12@CB78© a jeho strukturu potvrdit RTG difrakéni
analyzou (viz Obrazek 20). Piestoze kvalita ziskanych difrakcnich dat neni pfili§ vysoka,

uspofadani molekul v komplexu je ziejmé. Makrocyklus CB7 obsazuje podle oc¢ekavani

centralni bicyklooktanové vazebné misto (BicO) a oba butyly substituované imidazoliové

Obrdzek 20: ORTEP diagram komplexu 12@CB7%C. H-atomy, jodidové anionty a molekuly
vody nejsou pro lepsi prehlednost zobrazeny.
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7. ZAVER - p¥inos pro védeckou komunitu

Piedlozena disertacni prace prispiva k rozsifeni poznatkli v oboru supramolekularni chemie
zejména popisem intermolekularnich interakci mezi molekulami ligandt s vice vazebnymi

misty a hostitelskych molekul. Nejzajimavéjsi poznatky 1ze shrnout do nasledujicich bodu:

- Demonstrace dynamického reorganiza¢niho chovani v dasledku kooperace hostitelskych
molekul a pfipravenych ligandi. Pfipravili jsme systém S geometrii neodpovidajici
individualni preferenci vazebnych mist a popsali kvantitativné pfitazlivé 1 odpudivé

interakce mezi makrocykly.

- Podaftilo se nam sestrojit struktury v rotaxanovém uspotadani s jednim makrocyklem 3-CD
uzavienym na ose ligandu pomoci dvou supramolekularnich uzavéri—makrocyklt. Protoze
takové systémy, na rozdil od klasickych rotaxanli, Umoziuji manipulaci s uzaviracimi
makrocykly pomoci kompetitorti, mohou byt tyto poznatky vyuzity pii navrhu a konstrukci

pokrocilejs$ich supramolekuldrnich systémi, napiiklad molekularnich ptepinacii ¢i senzor.

- Predstavili jsme prvni centralni vazebny motiv na bazi adamantanu vhodny ke konstrukci
multitopickych ligand. Demonstrovali jsme vyuziti tohoto motivu ke konstrukci odlisnych
supramolekuldrnich uspotadani diky vhodné nastavenym afinitdm jednotlivych vazebnych

mist k pouzitym makrocyklim.
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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 ionisation mass spectrometry, NMR spectroscopy, titration 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 3-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; cyclodextrins; host—guest systems

1.

Since the first description of the antiviral activity of 1-
adamantylamine in 1964 (/), 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 (5), proapoptotic (6) and neuroprotective (7)
agents, as well as possible treatments for hypertension,
vascular inflammation (8) and tuberculosis (9). Adaman-
tane-bearing compounds can also serve as cannabinoid
receptor ligands (/0). 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 drug. On the other hand, the formation of
supramolecular complexes with (-cyclodextrin (3-CD)
(11) significantly increases drug’s solubility in water. CD
drug carrier systems have been studied extensively in
terms of solubility, bioavailability and stability (/2). This
attention has yielded several commercial pharmaceutical
products based on CD host—guest complexes (/2). 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,

Introduction

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 (/3),
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 (/4). Some structural data have also been published
for more complex ligands (/5). 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 "*C NMR spectroscopy, and titration calorimetry.

2. Results and discussion
2.1 Synthesis of amines

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

*Corresponding author. Email: rvicha@ft.utb.cz
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Figure 1.  Structural formulas for selected promising anticancer drugs.

preparation (/6) and nitration with acetyl nitrate (/7) as
shown in Scheme 1. Regioisomers were separated by
column chromatography, and compounds 3—5 were used
as starting materials for further reactions.

Aminoketones 6—8 were prepared in methanolic HCI
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 6—8 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 (~95%) in 30 min.
Reduction of the nitro group was carried out using iron
powder in a methanol/HCI (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% yield. Therefore, catalytic hydrogenation

0O

J\CI

LiCl, CuCl, AICly
_—

+ R'—MgX
THF, DEE, 0°C

R

1 R=Ad, R'=Ph, n=0
2 R=Ph, R'=CH, Ad, n=1

Scheme 1.

(0]

n
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on Ra—Ni was employed in the preparation of amine 15
(Scheme 2). Attempts to prepare aminoalcohols from
compounds 3—5 in one step using less selective reducing
agents such as LiAlH, or H,/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 involved 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
yield was not excellent, no side products were detected by
either TLC or GC analysis. Due to the very poor solubility
of dithioacetals in hexane, reduction with H, could not be
performed without the use of a more polar solvent. We
attempted the reduction of dithiane 18 in a dioxane/hexane
mixture (1/1, v/v), but under such conditions, the nitro
group was reduced to an amino group, while the dithiane

AcONO,
e
Ac,0, -15°C

3 para, n=0; 4 meta, n=0; 5 meta, n=1

Reaction pathway leading to 1-adamantyl (nitrophenyl) ketones.
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Fe, HCI
—_—

9-11

12(R=CHg), 13 and 14(R=H)
H,, Ra-Ni | Dioxane

i

Meta substituted
4,7,10,
:5,8,11,14

NH, n=0: 10,13
n=
Para substituted

15 OH n=0:3,6,9, 12,15

Scheme 2. Synthesis of aminoketones and aminoalcohols.
ring did not react. As a result, the corresponding
aminodithiane derivative was isolated. Similarly, nitro-
dithiane 17 afforded the corresponding aminodithiane in
an ethanol/hexane reaction medium. Thus, a two-step
procedure was necessary for the smooth transformation of
nitrodithianes to the required amines. Iron in i PrOH/HCI
and Ra—Ni in dioxane were used for nitro group reduction
and desulphurisation, respectively (Scheme 3).

2.2 ESI-MS analysis

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

Meta substituted Para substituted

m=n.a.; n=0: 4,27 m=n.a.;n=0:3, 25

m=1; n=0: 16 m=1; n=0:17, 21

m=n.a.;n=1:5,26 m=0;n=0:19, 23 NH
m=0; n=1: 20, 24 2
m=1; n=1: 18, 22

27
Hs, Ra-Ni| EtOH

BF4Et,0
—_—
Dithiole

25,26

Scheme 3. Synthesis of anilines with non-polar linker.
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ions [M + H]", accompanying the signals at m/z values
about two times as high (exactly [2 X (M + H) — 1] or
[2X M + 23]"). The latter ions were observed when a
polar functional group (oxo or hydroxy) 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 bonds with a proton or sodium
cation, respectively. The formation of analogous dimers in
the solid state has been observed for aminoalcohol 15 (/8).
In the amine/B-CD mixtures, the protonated amine and
sodium adduct of B-CD, as well as protonated 3-CD-
amine complex, were detected for all 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 ions 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 units
linked by a-1,4-glycosidic bonds with a very well-known
structure (/9) that it is often described as a doughnut with
rims of differing diameters. The larger diameter
corresponds to the secondary rim where secondary
hydroxyl groups at C2 and C3 are located; primary
hydroxyl groups at C6 are placed on the opposite smaller
primary rim due to the non-alternating orientation of the
glucose units. The interior of the cavity has steric
constraints due to H3 and HS protruding into the cavity
(14c). 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 moiety, which cannot pass through it easily
but still fit well in the interior of the B-CD cavity. As a
result, two distinct 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 reasonable
orientation of a short and, in most cases, charged,
substituent bound to adamantane is outside the B-CD
cavity (/4c, 15a). Occupancy of the primary rim was
observed only when the secondary rim was blocked.
Higher thermodynamic stabilities were calculated for
complexes with the adamantane unit sitting in the
secondary rim (/4c). However, it is reasonable to suppose
that a non-polar substituent of appropriate length may
thread through the cavity of B-CD. Thus, four possible
arrangements of 1:1 adamantane and -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 one set of signals was
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Figure 2. ESI-MS data for amine 13 (a), equimolar mixture of amine 27 with B-CD (b), and MS? spectrum of amine 27—B-CD

complex, target mass = 1377 m/z (c).

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

Exact mass

[2-amine + [B-CD +

[Amine + H]™ Na]™ amine + H|™

Amine Calc. Found Calc. Found Calc. Found
6 256.2  256.1 5334 5333  1390.6 1390.6
7 256.2 256.1 5334 5333 1390.6 1390.6
8 270.2  270.1 5614 561.3 1404.6 1404.6
12 2722 2721 5654 -~ 1406.6  1406.6
13 2582 258.1 5374 5372 13926 1392.6
14 2722  272.1 5654 5654 1406.6 1406.7
15 2582 258.1 5374 537.2  1392.6 1392.6
21 346.2 346.1 7144 - 1480.6  1480.7
22 360.2 360.2 7424 - 1494.6  1494.7
24 346.2 3463 7144 - 1480.6  1480.8
25 2422 2428 5054 - 1376.6  1376.7
26 256.2 2563 5334 - 1390.6  1390.7
27 2422  242.1 5054 - 1376.6  1376.6
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observed in all cases. Unfortunately, the shifts observed
upon complexation for the host and guest protons were
small (< 10”2 ppm), and determination of thermodynamic
parameters from NMR titrations was generally impossible.

NH,
Primary rim
0.62-0.75
«—0.60—|HS
0.78
+—0.66— \H3 \

Secondary rim

1.63

+—072—

Figure 3. Schematic representations of 3-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 systems under consideration. S, secondary; P, primary; I,
internal; E, external. (Previously published (/4) geometric 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 H5 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 S2). We attribute this discrepancy to the influence
of higher ordered, hydrogen-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, H2*®, H14 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 3-CD cavity. The observation of
relatively strong NOE interactions between guest protons
H2 and B-CD-HS, together with weak (if any)
interactions with B-CD-H3, indicates the occupancy of
the secondary rim of B-CD by the adamantane cage.
Additionally, in the case of all hydroxylated guests (13—
15), the NOE interactions between the inner [-CD
hydrogen atoms and H6,, of adamantane are significantly
weakened or completely missing from the spectra,
whereas those with H6., are observed. A portion of the
NOESY spectrum of a mixture of amine 14 and 3-CD is
shown in Figure 5 (top). However, '"H NMR signals of B-
CD inner protons H3 and protons H6 of the secondary rim
were significantly overlapped in dimethyl sulphoxide
(DMSO) solution, and interpretation of the observed
cross-peaks in standard NOESY spectrum became
ambiguous. Therefore, we applied a 2D 'H-3C gs-
HMQC-NOESY experiment to increase the spectral
resolution by employing a carbon frequency in an indirect
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dimension to assign the individual NOE contacts
unequivocally. A schematic of the host—guest complex
7-3-CD and its observed interactions are depicted in
Figure 5 (bottom). Both the observed interactions of
adamantane protons H4 and HS with B-CD carbons C3
and the absence of interactions between these same
protons and 3-CD carbons C5 indicate a positioning of
the adamantane cage inside the P-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 B-CD carbons C6
and CS5 support the proposed structural model in which
the aromatic part of the guest protrudes from the
secondary rim of B-CD (Figure 5). According to the
notation in Figure 4, the observed arrangement of the
examined host—guest complexes is assigned as SI.

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 assume
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 stoichiometries 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 curve
for guest 7, see Supplementary data, Figure S4.
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Figure 5. A portion of the NOESY spectrum of a 1:1 mixture of guest 14 with 3-CD (top); A portion of the gs-HMQC-NOESY spectrum
of a 1:1 mixture of guest 7 with B-CD (bottom). Detailed comment may be found in the text. Signals of host and guest nuclei are labelled
as B-CD and G, respectively.

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

Guest K[M™'] —AH [kImol '] —AS [JK "mol ™! 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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Figure 6. Minimised structures of complexes of B-CD with
amine 26 and 14, respectively.

2.4 Computation

To support the structural conclusions about host—guest
complexes formulated from NMR analysis, we performed
the modelling of these complexes for amines 14 and 26
with B-CD at a semi-empirical level of theory. Semi-
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 method chosen for our preliminary calculations
appeared to be a powerful tool in conformational studies 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 corroborating experimental
data. An exhaustive, up-to-date theoretical study may
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require equilibrium 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 Cgl—Og being
shorter than 0.16 nm, with the benzene ring positioned on
the opposite side of the 3-CD. In respect to the orientations
defined in Figure 4, they may be called as SI and PI,
respectively. In the case of amine 26, the respective
threading resulted in geometries with adamantane located
close to the secondary rim with the Cg1—0g being shorter
than 0.12nm, i.e. SE and SI. For both examined amines,
the complex with SI 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 our consideration. Although only one
initial conformation of the CD was used for each
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 B-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 B-CD.

Structure d[nm]* [ [nm] al?] BI° Stabilisation energy [k]/mol]
14-S1 +0.0295 0.0227 142.48 50.31 —613.62

14-PI —0.1534 0.1534 163.49 90.00 —604.14

26-SI +0.0656 0.0622 16.10 71.47 —655.29

26-SE +0.1173 0.1158 36.74 80.83 —0633.66

PH-SI +0.0930 0.0856 139.54 66.99 —0668.04

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. d is Cgl-0g distance, [ is Cgl—P distance, « is Cgl—0g—Cg2 angle, B is Cgl-0Og—P angle.
“The positive or negative sign implies location of adamantane cage in cavity close to the secondary or primary rim, respectively.
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small contribution of intermolecular H-bonds to the
stabilisation of the complex in the gas phase.

3. Conclusions

Ten new anilines-bearing adamantane with linkers of
varying polarity 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 our experimental NMR
data and molecular modelling, the most populated
inclusion complex between 3-CD and adamantane guests
with a long, uncharged substituent may be characterised as
a pseudorotaxane-like structure in which the adamantane
group is sitting deep in the CD cavity close to the wider
secondary rim of the B-CD and the substituent protrudes
from the primary rim. Association constants of the
prepared amines and 3-CD were estimated to be on the
order of 10> M™! by isothermal calorimetric titrations.
These binding properties allowed us to consider the use of
these prepared amines in further research on drug
modification.

4. Experimental section
4.1 General

All starting compounds, reagents and solvents were
purchased from commercial sources in analytical quality
and were used without further purification. Adamantane-1-
carbonyl chloride (/6) was prepared following a
previously published procedure. Melting points were
measured on 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 petroleum ether/ethyl acetate as
mobile phase. Three compositions of mobile phases were
used (v/v): system a (1/1), system b (4/1) and system c
(8/1). NMR spectra were recorded on a Bruker Avance 500
spectrometer operating at frequencies of 500.13 MHz ('H)
and 125.77 MHz ('3C), 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:
o(residual CHCl;) = 7.27 ppm, d(residual DMSO-
ds) = 2.50 ppm; *C: 8(CDCls) = 77.23 ppm, 8(DMSO-
dg) = 39.52 ppm). The mixing time for NOESY (25)
experiment was adjusted to 500 ms, and the spin-lock for
ROESY was adjusted to 400ms. The assignment of 'H
signals for 3-CD was described previously (/9d). The 2D
H-3¢ gs-HMQC—-NOESY spectrum (26) was measured
at resonance frequencies of 600.15 MHz ('"H) and
150.67MHz (**C). The HMQC step was adjusted for
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Vo= 145Hz with a subsequent NOE transfer of
700ms. The spectrum was recorded in phase-sensitive
mode using the echo—antiecho protocol (27). The IR
spectra were recorded in a KBr disc with a Mattson 3000
FT-IR instrument. GC-MS analyses were run on a
Shimadzu QP-2010 instrument using a Supelco SLB-
Sms (30 m, 0.25 mm) column. Helium was employed as a
carrier gas in a constant linear flow mode (38cm s h;
100°C/7 min, 25°C/min to 250°C, hold 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
Daltonics, Bremen, Germany) equipped with an ESI
source. Sample solutions (8.8 wM in methanol/water, 1/1,
v/v) were introduced into the ion source at a flow rate of
3ul/min via a metal capillary held at high voltage
(£3.5kV). The other instrumental 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 drying gas. The nozzle-
skimmer potential and octopole potential were modified
and optimised before each experiment. Isothermal titration
calorimetry measurements were done in a DMSO/H,O
(3/1, v/v) solvent mixture using a VP-ITC MicroCal
instrument at 30°C. The concentrations of host in the cell
and guest in microsyringe were approximately 7.0 and
0.6 mM, respectively. The raw experimental data were
analysed using MicroCal ORIGIN software. The heats of
dilution 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

All theoretical calculations were carried out using the
SPARTAN’08 software package (28). First, the initial
geometries of amines 14 and 26 and 3-CD were optimised
with the PM3 method without imposing any symmetrical
restrictions. A hypothetical PH, 1-(1-adamantyl)-2-pheny-
lethane, was used as a non-polar 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 (/9b). Initial approxi-
mations of amine—CD complexes were then constructed
using the optimised structures of both host and guest
molecules. As in the case of their constituents, 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 oxygen atoms in 3-
CD (Og), centre of mass of the six carbons of the benzene
ring (Cg2) and the best least squares plane of the seven

Quantum chemical methods
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glycosidic oxygen atoms in 3-CD (P). The sign in the half-
space according to P was defined to be positive close to
wider secondary rim and negative close to narrower
primary rim. Initially, the amine was positioned along the
molecular sevenfold axis of B-CD at 11 Cgl—-0Og distances
ranging from 1.0 to — 1.0 nm in increments of 0.2 nm. The
resulting geometries were optimised. These optimised
geometries represent the sequential local minima for an
amine passing through the CD cavity. The stabilisation
energy of complex formation was calculated as the
difference between the energy of the complex and the
sum of energies of the guest and host calculated
independently. The geometry with the absolute minimum
energy could in this way be described as the geometry of
inclusion complex. On the other hand, the rotation of the
guest molecule within the CD’s cavity was not tested, as it is
known that the optimisation process automatically finds the
best relative rotational orientation of the guest and host
molecules (29). Under real condition, one could expect
water-filled central cavity in CDs that must be displaced if a
guestis to enter which would stabilise any interaction due to
hydrophobic effects. Therefore, it is expected that basic
considerations for this virtual experiment are not
compromised by neglecting of water molecules in
calculations. Because both the CD and the amine have
non-equivalent sides following the threading route, two
distinct threading processes must be performed with each
amine. It was decided to arrange the threading process as
adamantane-on into 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 mmol) was dissolved in methanol (30 ml)
and 6 ml of hydrochloric acid/water (v/v, 1/1) was added.
Into the refluxed and well-stirred mixture, a portions of an
iron powder (2.33 mmol) 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 diethyl ether. Combined organic layers were washed
with brine and dried over sodium sulphate. The crude
product was obtained after evaporation of the solvent in
vacuo.

4.3.1  1-Adamantyl-(4-aminophenyl)methanone (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. calcd for C,;H,;NO: C,
79.96%; H, 8.29%; N 5.49%; found C, 80.05%; H, 8.12%;
N, 5.63%. 'H NMR (CDCl5): & 1.78 (m, 6H, CH,(Ad)),
2.07 (m, 9H, CH, + CH(Ad)), 6.69 (d, J = 8.6 Hz, 2H,
Ph), 7.72 (d, J = 8.6 Hz, 2H, Ph) ppm. '>*C NMR (CDCl5):
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528.6 (CH), 37.0 (CH,), 39.9 (CH,), 46.9 (C), 114.4 (CH),
129.3 (C), 131.0 (CH), 148.2 (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~'. GC-MS
(EL, 70eV): m/z (%): 65 (8), 79 (9), 92 (9), 93 (7), 120
(100), 121 (8), 135 (11), 255 (M ™, 8).

4.3.2  1-Adamantyl-(3-aminophenyl)methanone (7) was
purified by column chromatography (silica gel, system a)
to yield 236 mg (88%) of a colourless crystalline powder.
Mp 97-100°C, Ry 0.20 (system b), anal. caled for
C7H,NO: C, 79.96%; H, 8.29%; N, 5.49%; found C,
79.89%: H, 8.35%; N, 5.37. "H NMR (CDCl5): & 1.75 (m,
6H, CH,(Ad)), 1.99 (m, 6H, CH»(Ad)), 2.07 (m, 3H,
CH(AA)), 3.73 (bs, 2H, NH>), 6.72—6.77 (m, 2H, Ph), 6.91
(d, J= 7.6 Hz, 1H, Ph), 7.16 (t, J = 7.6 Hz, 1H, Ph) ppm.
13C NMR (CDCls): 6 28.4 (CH), 36.8 (CH,), 39.3 (CH,),
47.1(C), 113.7 (CH), 116.8 (CH), 117.3 (CH), 128.9 (CH),
141.2 (C), 146.3 (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)
cm . GC-MS (EL 70 eV); m/z (%): 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 (11), 227 (6), 255 (M, 24),
256 (5).

4.3.3  2-(1-Adamantyl)-1-(3-aminophenyl)ethanone (8)
was purified by column 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 CgH»3NO: C, 80.26%; H, 8.61%; N, 5.20%;
found C, 80.11%; H, 8.49%: N, 5.23%. "H NMR (CDCl5):
6 1.65 (m, 12H, CH5(Ad)), 1.95 (m, 3H, CH(Ad)), 2.67 (s,
2H, CH,CO), 3.80 (s, 2H, NH,), 6.86 (d, 1H, J = 6.9 Hz,
Ph), 7.20-7.33 (m, 3H, Ph) ppm. '*C NMR (CDCls): &
29.0 (CH), 34.1 (C), 37.0 (CH,), 43.2 (CH,), 51.5 (CH,),
114.3 (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),
691 (w), 677 (w) cm ™ '. GC-MS (EL 70eV); m/z (%): 41
(8), 55 (5), 65 (18), 77 (7), 79 (12), 91 (10), 92 (42), 93
(19), 106 (6), 107 (10), 120 (100), 121 (14), 135 (20), 241
(5), 251 (6), 269 (M, 51), 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 ethanol (5 ml) 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 one portion at 0°C. The reaction
mixture was vigorously stirred and temperature was
allowed to reach 20°C. After the consumption of all
starting material (according to TLC), the mixture was
poured onto 1m HCI (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,SO,. Crude product was obtained
after removing of the solvent in vacuo.

4.4.1 1-Adamantyl-(4-nitrophenyl)methanol (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 C;;H,NOs: C, 71.06%; H,
7.37%; N, 4.87%; O, 16.70; found C, 71.34%; H, 7.45%;
N, 4.98%. 'H NMR (CDCl5): & 1.47—-1.72 (m, 12H,
CH»(Ad)), 2.01 (m, 4H, CH(Ad), OH), 4.33 (s, 1H,
CHOH), 7.44 (d, J = 8.1 Hz, 2H, Ph), 8.18 (d, J = 8.5 Hz,
2H, Ph) ppm. '*C NMR (CDCls): 28.4 (CH), 37.1 (CH,),
37.7 (C), 38.3 (CH,), 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 (s), 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), 800 (w), 760 (W),
720 (s), 701 (w), 637 (w), 740 (m) cm™~'. GC-MS (EI,
70eV); mlz (%): 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).

4.4.2  1-Adamantyl-(3-nitrophenyl)methanol (10) was
purified by column chromatography (silica gel, system b)
to yield 234 mg (97%) of a colourless crystalline powder.
Mp 104-106°C, R; 0.20 (system b), anal. calcd for
C,7H,NO;: C, 71.06%; H, 7.37%; N, 4.87%; found C,
70.83%:; H, 7.18%; N, 4.55%. "H NMR (CDCls): 6 1.27—
1.71 (m, 12H, CH,(Ad)), 1.99 (m, 3H, CH(Ad)), 2.10 (s,
1H, OH), 4.33 (s, IH, CHOH), 7.49 (m, 1H, Ph), 7.59 (m,
1H, Ph), 8.12 (m, 2H, Ph) ppm. '*C NMR (CDCl5): §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), 1126
(w), 1088 (w), 1036 (m), 1021 (m), 982 (w), 930 (w), 909
(w), 896 (w), 813 (m), 722 (m), 693 (m), 661 (w), 618 (w)
cm . GC-MS (EL, 70eV): m/z (%): 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).

4.4.3 2-(1-Adamantyl)-1-(3-nitrophenyl)ethanol (11)
was purified by column chromatography (silica gel,
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system c) to yield 220 mg (87%) of a colourless crystalline
powder. Mp 68—-69°C, R; 0.51 (system c), anal. caled for
CgH23NO;s: C, 71.73%; H, 7.69%; N, 4.65%; found C,
71.56%:; H, 7.44%:; N, 4.83%. "H NMR (CDCl5): §1.50 (d,
J =126, IH, AdACH*H®), 1.59-1.79 (m, 12H, CH,(Ad)),
1.88 (d, J=3.6Hz, 1H, ACH*H®), 2.02 (m, 3H,
CH(Ad)), 5.05 (m, 1H, PhCHOH), 7.52 (t,J = 7.9 Hz, 1H,
Ph), 7.70 (d, J = 7.6 Hz, 1H, Ph), 8.13 (d, / = 8.3 Hz, 1H,
Ph), 8.23 (s, 1H, Ph) ppm. '*C NMR (CDCl5): 828.9 (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): 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) ecm~'. GC-MS (EL 70eV); m/z (%): 41(17), 43(5),
53(5), 55(12), 65(5), 67(22), 69(7), 77(21), 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
amino alcohols 12-15

The alcohols 13 and 14 and methoxy compound 12 were
prepared from corresponding nitro alcohols in the same
way as the ketones 6-8.

4.5.1  4-[1-Adamantyl(methoxy)methyl Janilinium chlor-
ide (12-HCI) crystallised as the hydrochloride salt directly
from reaction mixture and no further purification was
necessary. Yield: 275mg (85%) of a gold-yellow plate
crystals. Mp >350°C, Ry (free base) 0.27 (system b), anal.
caled for CgH,¢CINO: C, 70.22%; H, 8.51%; N, 4.55%;
found C, 69.94%; H, 8.37%; N, 4.75%. "H NMR (DMSO-
de): 6 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 (CH,), 37.7 (CH,),
56.9 (CHs;), 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 (IE, 70eV); m/z (%): 120 (7), 121 (6), 136 (100), 137
9), 271 (M*, 2).

4.5.2 [-Adamantyl-(3-aminophenyl)methanol (13):
Crude material was purified by column chromatography
(silica gel, system a) to yield 254 mg (94%) of a pale
yellow crystalline powder. Mp 137-139°C, R; 0.11
(system b), anal. caled for C7H3NO: 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 (CDCl3): 6 1.49-1.66 (m, 12H, CH»(Ad)), 1.97
(m, 3H, CH(Ad)), 3.62 (bs, 2H, NH,), 4.12 (s, 1H,
CHOH), 6.60-6.67 (m, 3H, Ph), 7.10 (t, /= 7.6 Hz, 1H,
Ph) ppm. '"H NMR (DMSO-d¢): 8 1.37-1.63 (m, 12H,
CH,(Ad)), 1.89 (m, 3H, CH(Ad)), 3.86 (d, / = 3.8 Hz, 1H,
CHOH), 4.77 (d, J = 3.8Hz, 1H, CHOH), 4.85 (s, 2H,
NH,), 6.34—-6.41 (m, 2H, Ph), 6.46 (s, 1H, Ph), 6.89 (t,
J =7.6Hz, 1H, Ph) ppm. 13C NMR (CDCl53): 628.6 (CH),
29.9 (C), 37.3 (CH»), 38.5 (CH»), 83.2 (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 (w)em™'. GC-MS (EL, 70 eV); m/z (%): 41 (8), 55 (7),
65 (5), 67 (10), 77 (16), 79 (24), 81 (7), 91 (6), 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
yield 234 mg (82%) of a colourless crystalline powder. Mp
142-145°C, R; 0.57 (system a), anal. calcd for C;gH,sNO:
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, AACH*H®), 1.59-1.79 (m, 12H,
CH,(Ad)), 1.88 (d, J=3.6Hz, 1H, AACH*H®), 2.02
(m, 3H, CH(Ad)), 5.05 (m, 1H, PhCHOH), 7.52 (t,
J=17.9Hz, 1H, Ph), 7.70 (d, J/ = 7.6 Hz, 1H, Ph), 8.13 (d,
J=83Hz, 1H, Ph), 8.23 (s, IH, Ph) ppm. *C NMR
(CDCl5): 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):
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 . GC-MS (EL 70 eV);
mlz (%): 41 (8), 55 (5), 65 (5), 67 (7), 77 (17), 79 (11), 81
(5),91(7),92(5),93(15),94 (72), 95 (7), 107 (6), 120 (6),
121 (20), 122 (100), 123 (9), 135 (7), 253 (5), 271 (M™,
28), 272 (6).

4.5.4  1-Adamantyl-(4-aminophenyl)methanol (15): The
nitroalcohol 9 (259 mg, 0.90mmol) was dissolved in
ethanol (40 ml) under H, atmosphere and large excess of
Ra—-Ni was added portionwise until starting material
disappeared. Ra—Ni was filtered off, the filtrate was
diluted with water and extracted several times with diethyl
ether. Collected organic portions were washed with brine,
dried over Na,SO, and evaporated in vacuo. Crude
material was purified by column chromatography (silica
gel, system a) to yield 227 mg (98%) of a pale yellow
crystalline powder. Mp 143-146°C, Ry 0.41 (system a),
anal. calcd for C7H»3NO: 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): 8 1.48—1.67 (m, 12H, CH»(Ad)), 1.97 (m, 3H,
CH(AA)), 3.53 (bs, 2H, NH,), 4.11 (s, 1H, CHOH), 6.64
(d, J = 8.3 Hz, 2H, Ph), 7.06 (d. J = 8.1 Hz, 2H, Ph) ppm.
13C NMR (CDCls): & 28.8 (CH), 29.9 (C), 37.5 (CH,),
38.5 (CH,), 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 (m), 844 (w), 811 (w), 572 (m), 535 (w), 481 (w)
cm™~ ' GC-MS (EL 70eV); m/z (%): 77 (9), 79 (7), 93 (7),
94 (12), 120 (9), 121 (38), 122 (100), 123 (8), 135 (5), 257
(M™, 4).

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

The ketone (0.35 mmol) was dissolved in dichloromethane
(2ml) and corresponding dithiol (1,2-ethanedithiol or 1,3-
propanedithiol; 0.55 mmol) 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 room
temperature until TLC indicated complete disappearance
of the starting material. The mixture was diluted with
CH>Cl, (20 ml) and washed three times with 5% solution
of NaOH (10 ml). The organic layer was washed twice
with brine, dried over Na,SO, and evaporated in vacuo.

4.6.1 2-(1-Adamantyl)-2-(3-nitrophenyl)-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 c), anal. caled for C,oH,sNO,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): 6 1.58 (m, 6H, CH,(Ad)), 1.83 (m, 8H, CH,(Ad),
SCH,CH,), 1.97 (m, 3H, CH(Ad)), 2.45 (m, 2H,
SCH*H®), 2.67 (m, 1H, SCH®), 2.71 (m, 1H, SCHP),
7.57 (t, J = 7.9 Hz, 1H, Ph), 8.15 (d, J = 8.3 Hz, 1H, Ph),
8.33 (d, J = 7.9Hz, 1H, Ph), 8.85 (s, 1H, Ph) ppm. "°C
NMR (CDCl;): 6 25.4 (CH,), 27.8 (CH,), 28.9 (CH), 36.8
(CH,), 37.6 (CH,), 41.7 (C), 70.2 (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), 813 (w), 787 (w)
726 (m), 694 (m) cm™'. GC-MS (EL, 70eV); m/z (%): 41
(11), 55 (5), 67 (8), 77 (6), 79 (20), 81 (5), 91 (6), 93 (17),
107 (10), 120 (5), 135 (100), 136 (12), 224 (43), 225 (6),
240 (10), 375 M ™, 3).

4.6.2 2-(1-Adamantyl)-2-(4-nitrophenyl)-1,3-dithiane
(17) was purified by crystallisation from hexane/CH,Cl,
to yield 120 mg (91%) of yellow needles. Mp 218-220°C,
Ry 0.51 (system b), anal. caled for C,oH,sNO,S,: C,
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63.96%; H, 6.71%; N, 3.73%; S, 17.08%; found C,
63.84%; H, 6.52%; N, 3.46%; S, 16.95%. 'H NMR
(CDCl5): 8 1.57 (m, 6H, CH,(Ad)), 1.83 (m, 8H, CH,(Ad),
SCH>CH,), 1.97 (m, 3H, CH(Ad)), 2.46 (m, 2H,
SCH"H®), 2.67 (m, 1H, SCH®), 2.71 (m, 1H, SCHP),
8.20 (m, 4H, Ph) ppm. "*C NMR (CDCls): & 25.3 (CH,),
27.8 (CH,), 28.9 (CH), 36.8 (CH,), 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,
70eV); mlz (%): 41 (9), 77 (5), 79 (17), 81 (5), 91 (5), 93
(14), 107 (8), 135 (100), 136 (12), 210 (5), 224 (21), 240
(5), 375(M™, 4).

4.6.3  2-(1-Adamantylmethyl)-2-(3-nitrophenyl)-1,3-
dithiane (18) was purified by crystallisation from hexane
to yield 125 mg (92%) of yellow needles. Mp 174—176°C,
Ry 0.60 (system b), anal. caled for C,Hy7NO,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
(CDCl3): 6 1.36 (m, 6H, CH,(Ad)), 1.51 (m, 6H,
CH,(Ad)), 1.78 (m, 3H, CH(Ad)), 1.94 (m, 2H,
SCH,CH,), 2.04 (s, 2H, AdCH,), 2.64 (m, 4H, SCH,),
7.54 (t, J = 7.9Hz, 1H, Ph), 8.13 (d, / = 7.9 Hz, 1H, Ph),
8.33 (d, J = 9.2Hz, 1H, Ph), 8.86 (s, 1H, Ph) ppm. '*C
NMR (CDCl5): 6 24.8 (CH,), 28.1 (CH), 28.9 (CH), 36.1
(C), 36.8 (CH,), 44.0 (CH»), 57.6 (C), 59.8 (CH,), 122.2
(CH), 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~'. GC-MS (EI,
70eV); mlz(%): 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, 6).

4.6.4  2-(1-Adamantyl)-2-(4-nitrophenyl)-1,3-dithiolane
(19) was purified by crystallisation from hexane/CH,Cl, to
yield 115 mg (91%) of colourless needles. Mp 185-189°C,
R; 0.51 (system b), anal. caled for C;oH,3NO,S,: C,
63.12%; H, 6.41%; N, 3.87%; S, 17.74%; found C,
63.41%; H, 6.51%; N, 4.12%; S, 17.45%. 'H NMR
(CDCl3): 6 1.57 (m, 6H, CH,(Ad)), 1.79 (m, 6H,
CH,(Ad)), 1.99 (m, 3H, CH(Ad)), 2.98 (m, 2H, SCH*HP),
3.27 (m, 2H, SCH*H®), 7.97 (m, 2H, Ph), 8.10 (m, 2H,
Ph) ppm. *C NMR (CDCls): § 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), 853
(m), 842 (m), 809 (w), 728 (m), 697 (m), 638 (w), 503 (w)
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cm™ . GC-MS (EL 70eV); m/z (%): 41 (6), 67 (7),77 (5),
79 (18), 81 (5), 91 (5), 93 (17), 107 (10), 135 (100), 136
(13), 196 (10), 210 (8), 361(M™, 3).

4.6.5  2-(1-Adamantylmethyl)-2-(3-nitrophenyl)-1,3-
dithiolane (20) was purified by crystallisation from
hexane/CH,Cl, to yield 110mg (84%) of a pale yellow
crystal. Mp 142—148°C, R; 0.51 (system c), anal. calcd for
CyoH,sNO,S,: 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%. "H NMR (CDCl5): 6 1.30 (m, 6H, CH,(Ad)), 1.51
(m, 6H, CH,(Ad)), 1.80 (m, 3H, CH(Ad)), 2.52 (s, 2H,
CCH,Ad), 3.06 (m, 2H, SCH*H®), 3.38 (m, 2H,
SCH*H®), 7.46 (1, J=7.9Hz, IH, Ph), 8.07 (d,
J=79Hz, 1H, Ph), 8.15 (d, /= 7.9Hz, IH, Ph), 8.71
(s, IH, Ph) ppm. *C NMR (CDCl;): 6 28.8 (CH), 35.5 (C),
36.8 (CH,), 38.9 (CH,), 43.6 (CH,), 58.3 (CH,), 72.5 (C),
122.2 (CH), 123.0 (CH), 128.7 (CH), 134.1 (CH), 148.0
(C), 149.1 (C) ppm. IR (KBr): 3077 (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 (w)cm ™ '. GC-MS (EL 70eV); m/z (%): 41 (8), 55 (8),
67 (9), 79 (23),93 (18), 107 (9), 135 (35), 149 (6), 180 (6),
226 (100), 227 (12), 228 (10), 375(M*, 2).

4.7 General procedure for preparation of
aminodithianes 21 and 22

The corresponding nitrodithiane (0.44 mmol) was dis-
solved in dioxane (7ml) and a suspension of Ra—Ni in
hexane was added to this solution. 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 15 ml) and
hexane (1 X20ml). Collected organic portions were
washed with water (3 X 30ml), brine (3 X 15ml) and
dried over Na,SO,.

4.7.1 2-(1-Adamantyl)-2-(4-aminophenyl)-1,3-dithiane
hydrochloride (21-HCl) was precipitated from hexane
solution of crude 21 by introducing dry HCI. Yield:
146 mg (87%) of a colourless crystalline powder. Mp 140—
145°C, R; (free base) 0.24 (system b), anal. caled for
Cy0HygCINS,: C, 62.88%; H, 7.39%; N, 3.67%; S,
16.79%; found C, 62.73%; H, 7.19%; N, 3.62%; S,
16.98%. 'H NMR (CDCls): 8 1.42—1.60 (m, 8H, CH,(Ad)
+ CH,(dithiane)), 1.75 (m, 6H, CH,(Ad)), 1.92 (m, 3H,
CH(Ad)), 2.34 (m, 2H, CH,(dithiane)), 2.72 (m, 2H,
CH,(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
(CDCl5): 624.7 (CH,), 27.0 (CH,), 28.0 (CH), 36.3 (CH»),
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37.0 (CH»), 41.6 (C), 69.8 (C), 122.4 (CH), 130.8 (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 70eV); m/z (%): 41 (7), 77 (5), 79 (9), 91 (5), 93
(7), 106 (10), 120 (20), 135 (10), 136 (28), 210 (100), 211
(13), 212 (9), 345 (M ™, 1).

4.7.2  2-(1-Adamantylmethyl)-2-(3-aminophenyl)-1,3-
dithiane (22) was purified by column chromatography
(silica gel, system b) to yield 106 mg (67%) of a pale
yellow crystalline powder. Mp 127-132°C, Ry 0.38
(system b), anal. calcd for C;Hy9NS,: C, 70.14%; H,
8.13%; N, 3.90%; S, 17.83; found C, 70.33%; H, 7.94%;
N, 4.25%, S, 18.08%. "H NMR (CDCl5): & 1.40—1.58 (m,
12H, CH»(Ad)), 1.78 (m, 3H, CH(Ad)), 1.85-1.96 (m, 4H,
SCH,CH, + CCHAd), 2.57 (m, 2H, SCH*HP), 2.78 (m,
2H, SCH*H®), 3.68 (bs, 2H, NH,), 6.58 (d, / = 7.9 Hz,
IH, Ph), 7.14 (t, J = 7.9 Hz, 1H, Ph), 7.37-7.39 (m, 2H,
Ph) ppm. *C NMR (CDCls): 6 25.2 (CH,), 28.2 (CH,),
29.0 (CH), 36.0 (C), 37.0 (CH,), 43.6 (CH,), 59.6 (CH,),
113.9 (CH), 116.7 (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), 881 (w), 781 (m), 768 (w), 710 (w), 694 (w),
667 (w), 457 (w) cm ™ L. GC-MS (EL 70eV); m/z (%): 41
(17), 53 (5), 55 (14), 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 corresponding nitrodithiolane (3.37 mmol) was
dissolved in i PrOH (125 ml) and hydrochloric acid/water
(1/1, v/v, 20 ml) and an iron powder (424 mg, 7.59 mmol)
was added. Into the well-stirred and refluxed mixture,
further portions of an iron powder (424 mg, 7.59 mmol)
were added until TLC indicated complete disappearing of
the starting material. The mixture was poured onto a 5%
solution of NaOH (120 ml) and extracted several times
with diethyl ether. Combined organic layers were washed
three times with water (3 X 15 ml) and dried over Na,SO,
overnight. The crude product was obtained after
evaporation of the solvent in vacuo.

4.8.1 2-(1-Adamantyl)-2-(4-aminophenyl)-1,3-dithio-
lane (23) was purified by column chromatography (silica
gel, CHCl;) to yield 827mg (74%) of a pale orange
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crystalline powder. Mp 121-124°C, Ry 0.31 (system b),
anal. caled for C;9H,sNS,: C, 68.83%; H, 7.60%:; N,
4.22%; S, 19.34; found C, 68.73%; H, 7.45%: N, 4.53%: S,
19.02%. "H NMR (CDCls): & 1.56 (m, 6H, CH,(Ad)), 1.81
(m, 6H, CH,(Ad)), 1.96 (m, 3H, CH(Ad)), 2.99 (m, 2H,
SCH*H®), 3.23 (m, 2H, SCH*HP®), 3.64 (s, 2H, NH,),
6.58 (d, J = 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), 133.2(C), 145.0 (C) 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) cm~ . GC-
MS (EL 70eV); m/z (%): 79 (6). 93 (5), 124 (5), 136 (20),
196 (100), 197 (12), 198 (9), 331 (M™, 1).

4.8.2 2-(1-Adamantylmethyl)-2-(3-aminophenyl)-1,3-
dithiolane (24) was purified by column chromatography
(silica gel, system b) to yield 1013 mg (87%) of a pale
yellow crystalline powder. Mp 115-120°C, R; 0.29
(system b), anal. calcd for C,oH»7NS,: 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 (CDCls): 6 1.35 (m, 6H,
CH,(Ad)), 1.53 (m, 6H, CH,(Ad)), 1.80 (s, 3H, CH(AA)),
2.44 (s, 2H, AdCH,C), 3.10 (m, 2H, SCH*H®), 3.32 (m,
2H, SCH*H®), 3.65 (s, 2H, NH,), 6.52 (d, / = 7.9 Hz, 1H,
Ph), 7.05 (t, J = 7.9Hz, 1H, Ph), 7.18 (m, 2H, Ph) ppm.
13C NMR (CDCls): 8 28.9 (CH), 35.4 (C), 36.9 (CH,),
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), 3345 (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 (EIL, 70eV); ml/z (%):
41 (6), 55 (6), 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 corresponding aminodithiolane (2.37 mmol) was
dissolved in dioxane (10ml) and large excess of Ra—Ni
was added. The mixture was stirred and refluxed under an
Ar atmosphere. 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. Collected
organic portions were washed with brine, dried over
Na,SO, and evaporated in wacuo. The desired crude
product obtained as orange oil was subsequently converted
to the hydrochloride.

4.9.1 4-(1-Adamantylmethyl)anilinium  chloride
(25-HCI): The crude product was dissolved in hexane/-
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diethyl ether and 25-HCI precipitated when dry HC1 was
introduced into solution. Yield: 579mg (88%) of a
colourless microcrystalline powder. Mp 178-188°C, Ry
(free base) 0.28 (system b), anal. calcd for C,;H,4CIN: C,
73.49%; H, 8.71%; N, 5.04%; found C, 73.22%; H, 8.53%:;
N, 4.81%. '"H NMR (DMSO-dg): 8 1.43 (m, 6H, CH»(Ad)),
1.57 (m, 6H, CH,(Ad)), 1.90 (m, 3H, CH(Ad)), 2.38 (s,
2H, AdCH,Ph), 7.19 (d, J=7.9Hz, 2H, Ph), 7.31 (d,
J =7.9Hz, 2H, Ph), 10.43 (bs, 3H, NH7) ppm. '°*C NMR
(DMSO-dg): 6 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) cm ' GC-MS (EI, 70eV);
milz (%): 41 (6), 55 (5), 67 (7), 77 (12), 79 (23), 81 (5), 91
(6), 93 (18), 106 (100), 107 (20), 135 (69), 136 (8), 241
(M, 35), 242 (7).

4.9.2 3-[2-(1-Adamantyl)ethyl Janilinium chloride
(26-HCI): The crude product was dissolved in hexane
and 26-HCI precipitated when dry HCl was introduced
into solution. Yield: 491mg (71%) of a colourless
microcrystalline powder. Mp 142-150°C, R; (free base)
0.25 (system b), anal. caled for C gH,CIN: C, 74.07%; H,
8.98%; N, 4.80%; found C, 73.86%; H, 9.17%; N, 4.63%.
"H NMR (DMSO-dg): 8 1.30 (m, 2H, AdCH,), 1.52 (m,
6H, CH,(Ad)), 1.65 (m, 3H, CH,(Ad), 1.94 (s, 3H,
CH(AAd)), 2.55 (m, 2H, PhCH,), 7.22 (m, 3H, Ph), 7.36 (t,
J =7.9Hz, 1H, Ph), 10.37 (bs, 3H, NH3) ppm. °C NMR
(DMSO-dg): 6 28.1 (CH), 28.2 (CH,), 32.0 (C), 36.6
(CH,), 41.7 (CH,), 46.0 (CH»), 120.3 (CH), 122.7 (CH),
127.8 (CH), 129.5 (CH), 131.8 (C), 145.1 (C) ppm. IR
(KBr): 3429 (w), 2901 (s), 2845 (s), 2676 (w), 2605 (m),
2362 (w), 1964 (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); m/z (%): 41 (15), 53 (7), 55 (11), 67 (15),
77 (23),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-(1-Adamantylmethyl)anilinium  chloride
(27-HCI) was prepared according to the procedure used
for previous amines. The nitrodithiane 16 (338 mg,
0.90 mmol) was dissolved in ethanol (40 ml) under H,
atmosphere and large excess of Ra—Ni was added
portionwise until starting material disappeared. The
crude product was dissolved in hexane and 27-HCI
precipitated when dry HCI was introduced into solution.
Yield: 188 mg (75%) of a colourless microcrystalline
powder. Mp 182—187°C, Ry (free base) 0.42 (system b),
anal. calcd for C7H,4CIN: C, 73.49%; H, 8.71%; N,
5.04%; found C, 73.62%; H, 8.51%; N, 5.24%. 'H NMR
(DMSO-d): 6 1.44 (m, 6H, CH,(Ad)), 1.50—1,66 (m, 6H,
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CH»(Ad)), 1.91 (m, 3H, CH(Ad)), 2.38 (s, 2H, AdCH,Ph),
7.07-7.11 (m, 2H, Ph), 7.20 (d, J = 7.9 Hz, 1H, Ph), 7.37
(t, J=79Hz, 1H, Ph), 10.14 (bs, 3H, NH7) ppm. "*C
NMR (DMSO-de): 627.9 (CH), 32.9 (C), 36.4 (CH,), 41.6
(CH,), 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/z (%): 41
(6), 67 (8), 77 (8), 79 (19), 91 (5), 93 (16), 106 (11), 107
(13), 135 (100), 136 (11), 241 (M, 35), 242 (7).
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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

CB7
log K,~8

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.

H 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
sing}e-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 repulsive® 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-, -, and

v ACS Pub“cations © 2016 American Chemical Society
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7-CD) consist of six, seven, and eight p-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 bicyclo[2.2.2]octane'® have been reported to form
ultrastable aggregates with CB7, having association constants of
up to 107 M™!, which exceed the binding strength of the well-
known avidin—biotin 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 $-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 ag:tivity24 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.

Bl RESULTS AND DISCUSSION

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

o K™
NJJ\NH
" B
N__N
g n
o
CB7 (n=7)
CB6 (n=6) B-CD
o X
NP, R
n QN guest m R X
1 0 Me I
0 2 0 Bu Br
14 3 1 Me |
®/\ Xe 4 1 Bu Br
N7 N-R 5 0 Me I
Q 6 0 Bu Br I, MsO
o} 7 1 Bu MsO

Figure 1. Structures of the guests and hosts used in this work.
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the two-step procedure shown in Scheme S1. 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 2'I” 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 vacuum at 50—60 °C to constant
weight and stored under an inert atmosphere.

Binary Systems with #-CD. Initially, we investigated the
binding behavior of guests 1-7 with CB6, CB7, and $-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 f-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.l"’b'd'lb
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 f-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 K4/ Kyimig 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 f-CD, we attribute the binding properties of 4-CD to its
greater flexibility, which permits ample space for both cationic
structural motifs. In addition, #-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

DOI: 10.1021/acs.joc.6b01564
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Table 1. Stoichiometry Parameters (1), Association Constants (K,), and Standard Gibbs Energies (AG°) Determined for Binary

Systems by ITC Experiments at 303 K

entry guest host n
1 2'Br~ p-CD” 1.02 + 0.03
2 2°Br~ p-cp” 1.03 + 0.02
3 4B~ p-CD” 0.98 + 0.03
4 4'Br~ p-cp” 1.00 + 0.01
s 1" p-CD” 1.00 + 0.03
6 6'Br~ p-CD” 0.99 + 0.03
7 7'MsO~ p-CD* 0.95 + 0.03
8 5T f-CD” 1.00 + 0.02
9 2'Br~ CB7* 1.01 + 0.03
10 2'Br- CB7°* 1.02 + 0.04
11 4'Br~ CB7“ 0.73 + 0.02, 1.34 + 0.04
12 4'Br- CB7" 0.64 + 0.01, 0.70 + 0.01
13 ' CB7%¢ 1.00 + 0.01
14 3T cB7+4 1.04 + 0.03
15 6'Br~ CB7*< 1.02 + 0.03
16 7"MsO~ CB7* 0.69 + 0.03, 1.31 + 0.02
17 ST CB7*¢ 0.99 + 0.03
18 2'Br~ CB6" 1.05 + 0.01
19 4'Br~ CB6" 0.95 + 0.04
20 6'Br~ CB6"” 0.97 + 0.03
21 7*MsO™ CB6” 0.98 + 0.03

K, (M) —AG® (kJ mol™)
(449 + 0.07) x 10* 26.99 + 0.42
(4.03 + 0.05) x 10* 2671 + 0.33
(4.60 + 0.05) x 10° 32.85 + 0.36
(4.14 + 0.09) x 10° 32.58 + 0.71
(6.07 + 0.06) x 10* 27.75 + 0.27
(3.80 + 0.07) x 10* 26.57 + 0.49
(5.38 + 0.09) x 10° 33.24 + 0.56
(543 + 0.10) x 10* 27.46 + 0.51
(4.08 + 0.12) x 10" 67.35 + 1.98
(3.14 + 0.20) x 10" 60.89 + 3.84

(227 + 0.06) x 10% (897 + 0.11) X 10°
(9.03 + 0.12) x 107, (3.93 + 0.07) X 10°

48.47 + 128, 34.53 + 042
46.15 + 0.61, 32.45 + 0.58

(3.68 + 0.21) x 10" 72.89 + 4.12
(2.69 + 0.11) x 10% 48.90 + 2.07
(7.15 + 0.39) x 10° 51.36 + 2.77
(1.59 + 0.03) x 10%, (2.28 + 0.03) X 10° 47.57 + 0.90, 31.08 + 0.41
(297 + 0.15) x 10° 54.95 +2.83
(2.99 + 0.05) x 10° 31.76 + 0.53
(1.43 + 0.03) x 10° 35.70 + 0.75
(4.18 + 0.07) x 10* 26.81 + 0.45
(243 + 0.05) x 10° 31.24 + 0.64

“Performed in water. “Performed in a 2.5 mM NaCl aqueous solution. “1,6-Hexanediamine-2HCI competitor. “Dopamine-HCI competitor. “L-

Phenylalanine competitor. Titrations performed in triplicate.

complexed guests were observed. Because of the different cavity
diameters,'”> CB7 can form a complex with both of the
adamantyl and butyl moieties, whereas the binding of CB6 is
limited to the linear butyl chain. These assumptions are
consistent with our observations. The addition of CB7 to a
solution of guest 1 or S, which possesses only an adamantane
binding site, led to a significant shielding of the adamantane
protons. This result indicates the formation of l/S@CB7Ad
aggregates, as shown for 1 in Figure S38. (For the sake of
clarity, the specific host position will be hereafter indicated by a
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 5 with CB6 in a S0 mM NaCl aqueous solution.
The structures of guests 2 and 6 consist of two different butyl
and adamantyl binding sites accessible to CB7. However, we
observed shielding of only the adamantane protons (see Table
S2). This suggests that CB7 predominantly binds adamantane
inside its cavity with the butyl chain protruding outward toward
the external environment. Because CB6 has a cavity that is
narrower than that of CB7 and cannot confine the bulky
adamantane, the inverse geometries for the 2/6-CB6 assemblies
with the butyl residue included inside the CB6 cavity were
indicated by the strong shielding of the butyl protons (see
Figure $39).

Subsequently, we examined the complexation of guests 1, 2,
S, and 6 with CB6 and CB7 in terms of titration calorimetry to
support a 1:1 stoichiometry. The ITC results are 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 CB6
display similar stabilities. For instance, the association constant
for 2@CB7* is 570 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@CB7! and S@CB72! (Table 1, entries 13 and 17,
respectively). Considering these observations, we attribute the
differences in binding strengths to the inability of the rigid CB7
portal to accommodate the benzimidazolium cation efficiently
because the bulky adamantane 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 is reasonable to expect
that the movement of the guest along the ¢, axis is significantly
restricted with increased bulkiness.

Noteworthy results were obtained with the longer
imidazolium salts 4 and 7. In an equimolar mixture 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 weak but clear
shielding of the butyl protons, as depicted in Figure S40. The
observed CISs are summarized in Table S2. There can be two
reasonable explanations for this observation. As discussed
below in more detail, 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
distinct 1:1 complexes (ie., 4@CB7 "™ or 7@CB7*V™) 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 approximately 14 kJ
mol™" lower in energy than 4@CB7" and strongly
predominates in an equilibrium mixture at 30 °C (Table 1,
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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@(CB7*Y,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 1/5 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 ion—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—S8S5.

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 50 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
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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, f-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@(CB6™,-CD*), 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@/- CD* and that for
2@(p-CD*,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 (Kcp,/Kcgg =
1.05 X 10%), we may conclude that CB6™ was displaced from
its initial position by CB7*! Subsequently, we titrated an

equimolar mixture of 2 and CB7 (2@CB7*! predominates in
this solution) with f-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@(CB72 4-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 $-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@
CB7*! predominated (shielding effect in Figure 5, lines 1—3).

jelien Ld@r_@ﬁ@@;@}@@%
S °\¥‘_/

4:.CB6:CB7:4-CD
1:1:1:0

1:0:1:0

22 20 18 16 14 12 10 08 06 04 02 00
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Figure 5. "H NMR spectra (700 MHz, 50 mM NaCl in D,0, 303 K)
of mixtures of guest 4 with CB7, f-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@(CB7%¢,CB6™). As was discussed in the previous
section, the binding of CB7 at the adamantane site is driven

Table 2. Stoichiometry Parameters (1), 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 (kJ mol™) AAG®” (kJ mol™)
1 2@CB6 p-cp’ 099 + 0.02 (1.39 + 0.06) x 10° 29.83 + 0.64 312+ 072
2 4@CB6 f-CD” 1.03 + 0.02 (7.95 + 0.05) x 10° 34.23 + 047 —1.65 + 0.85
3 4@CB7 B-CD* 1.04 + 0.03 (3.10 + 0.03) x 10* 26,05 + 0.50 —7.17 + 087
4 4@CB7 cB6” 1.03 + 002 (4.66 + 0.07) x 10° 32.88 + 0.64 2.82 + 095

“AAG®° va]ues 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@(CB7*Y,CB6™) (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 #-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). -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@p-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 -CD
and CB7 compete for the adamantane binding site with
individual binding constants of 4.14 X 10° and 9.03 X 10" M,
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 k] 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-CD* 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@CB7*! with -CD (Table 2,
entry 3) is larger by approximately 7 k] 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@(f-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 f-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" 8-CDY). The relative free energies associated with the
individual binding events were obtained from ITC experiments (2.5
mM NaCl solution, 303 K).
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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 — Eand 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 occuyied 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 S0 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% -CD*) from 4@CB7*! and #-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 (i.e, 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 (ie., free 4, 4@CB7", 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 a 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, CB7, 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
x 10° M~ and 1.6 X 10° to 3.7 X 10" M7, respectively.
However, CB6 was shown to bind the butyl site, with K, values
within the range of 4.2 X 10* to 1.4 X 10° M’ In strong
contrast to those of CB6™ and #-CD*, the binding strength of
CB7* was significantly reduced upon replacement of the
imidazolium ring in guests 1, 2, S, and 6 (ie., guests that
contain the 1-adamantylmethyl moiety) with the benzimidazo-
lium core. These differences can be attributed to both the
inability of CB to accommodate the bulkier benzimidazolium
moiety 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
CB6 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 a 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 surrounding a single imidazolium
cation. Although complexes 4/7@(CB72¢,CB7"") and
4@(CB7*,CB6"™) were evidenced using ITC 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 addition, we were
able to determine additional energetic stabilizations of —3.1 +
0.72, —1.7 + 0.85, and —7.2 + 0.87 k] mol™" for complexes
2@(f-CDA,CB6"), 4@(p-CDA,CB6""), and 4@(p-
CD*,CB7™), 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
dihexylammonium cation. The values of the respective
stabilization energies confirm our assumptions based on the
host and guest geometries. Thus, guest 2, which possesses a
distance between the binding sites that is shorter than that of
guest 4, allows for stronger interactions between f-CD and
CB6. In addition, CB7, which has a portal wider than that of
CB6, was shown to be more suitable for interaction with $-CD
than with CB6 in ternary 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@(B-CD*Y,CB7™) that features CB7
bound to an otherwise strongly disfavored butyl chain (K,4/Kg,
=229.8 in a 2.5 mM NaCl aqueous solution). In addition, the
formation of 4@(f-CD*,CB7™) from 4@CB7" involves a
displacement of CB7! by -CD, which has an affinity for the
adamantane site much lower than that of CB7 (Kcg,/Kp.cp =
218.1 for the Ad site in a 2.5 mM NaCl aqueous solution).
However, the energy loss related to such a 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 commonly
found in biological systems and complements the work of Ding
et al.”* describing self-sorting of CB8, -CD, and the 1,6
dihydroxynaphthalene-adamantylated viologen CT complex,
herein we have presented the first example of such behavior
in assemblies formed by low-molecular weight synthetic guests
with 4-CD and CB7.

B EXPERIMENTAL SECTION

General Methods. Guests 1—7 were prepared according to a
previously published method.” Preparation of compounds 8 and 10
has been described previously.”’ Hosts CB6, CB7, and -CD were
purchased from commercial sources. f-CD was dried prior to use
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
instrument equipped with a room-temperature ('H, '*C, *N) inverse
triple-resonance probe. One-dimensional (1D) proton spectra were
recorded at 303 K using a 7.0 kHz spectral width and a 3.3 kHz
transmitter offset. Data were collected in 8—32 scans using 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 using 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
dimension and a total of 512 t1 increments were recorded using 16—
32 scans per increment and 1.5 s recycle delay. The raw data were
apodized by a squared cosine window function, zero filled to 4096 t2
and 2048 t1 points and Fourier transformed to yield the resulting 2D
spectra. The residual HDO signal in both the 1D and 2D ROESY
experiments was suppressed by employing presaturation during the
recycle 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 1—7 with CB7, CB6, and/or f-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 uL). The concentrations of the CB6, CB7,
and B-CD solutions were determined via ITC using 1,6-hexanedi-
amine-2HCI and 1-adamantaneamine-HCI. For the ternary systems, a
solution of an equimolar 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 obtained by subtracting
the heat of guest dilution from the overall observed heat effect. The
association constants exceeding 107 M~' were determined by the
multistep competition method as described by Rekharsky et al.'”* 1,6-
Hexanediamine-2HCl 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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X 10° M}, and L-phenylalanine with a K,(H,0) of 9.86 X 10° M™!
and a K,(2.5 mM NaCl) of 3.01 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
complexation step. The values of K obtained from competitive
titrations were verified using different concentrations of competitors.
The typical ITC thermograms are shown in Figure 3 and in Figures
§48-S70.

General Procedure for Preparation of 1—7 Bromides and lodides.
Imidazole 8 or 9 or benzoimidazole 10 or 11 (1 equiv, see the
Supporting Information for structures) was dissolved in the
corresponding haloalkane (60 equiv) under an inert atmosphere.
The mixture was refluxed until the starting material was consumed.
After residual haloalkane 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
vacuo. Oily products were purified by successive column chromatog-
raphy using silica gel and 1:1 (v/v) petroleum ether/AcOEt and 1:1
(v/v) CHCly/MeOH solvents.

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

1-(1-Adamantylmethyl)-3-methylimidazolium lodide (1*I7). The
iodide of 1" was isolated as pale yellow crystalline powder (131 mg,
87% yield) using 90 mg (0.42 mmol) of 8. Mp: 123—127 °C. Anal.
Caled for C, Hy,IN, (358.26): C, 50.29; H, 6.47; N, 7.82. Found: C,
49.93; 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,): §
27.9, 34.1, 364, 37.3, 39.8, 61.6, 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) cm™'. ESI-MS: m/z 231.1 [M]* (100%).

1-(1-Adamantylmethyl)-3-butylimidazolium Bromide (2*Br”).
The bromide of 2* was isolated as tan highly viscous oil (238 mg,
79% yield) using 186 mg (0.86 mmol) of 8. Anal. Calcd for
C,sHyBrN, (353.34): C, 61.19; H, 8.27; N, 7.93. Found: C, 61.36; H,
822; N, 8.21. "H NMR (300 MHz, CDCL,): & 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), 4.39 (t, ] = 7.3 Hz, 2H), 7.27 (s, 1H), 7.52 (s, 1H), 1026
(s, 1H). BC{'H} NMR (75 MHz, CDCL,): § 13.7, 19.7, 28.0, 324,
342, 36.5, 40.0, 502, 61.7, 121.9, 124.1, 137.1. IR (KBr): 3464(s),
3410(s), 3132(w), 3069(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), 717(w), 665(w) cm™". ESI-MS:
m/z 625.3 [2-M* + Br~]" (8%), 273.3 [M]" (100%).

1-[4-(1-Adamantylcarbonyl)benzyl]-3-methylimidazolium lodide
(3*I7). 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 (462.37): C, 57.15; H, 5.89; N, 6.06.
Found: C, 57.02; H, 5.91; N, 6.17. '"H NMR (300 MHz, DMSO-d,): &
1.69 (s, 6H), 1.89 (s, 6H), 2.01 (s, 3H), 3.87 (s, 3H), 5.49 (s, 2H),
7.46 (d, ] = 7.5 Hz, 2H), 7.58 (d, J = 7.2 Hz, 2H), 7.74 (s, 1H), 7.82
(s, 1H), 9.24 (s, 1H). *C{'H} NMR (75 MHz, DMSO-d): 6 27.4,
35.8, 35.9, 38.3, 460, 51.4, 122.4, 124.0, 127.4, 127.8, 136.7, 136.8,
1392, 2087. 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) cm™". ESI-MS: m/z 335.3 [M]* (100%).

1-[4-(1-Adamantylcarbonyl)benzyl]-3-butylimidazolium Bromide
(4*Br~). The bromide of 4" was isolated as tan viscous oil (129 mg,
43% yield) using 212 mg (0.66 mmol) of 9. Anal. Calcd for
CyHyBrN,O (457.45): C, 65.64; H, 7.27; N, 6.12. Found: C, 65.82;
H, 7.35; N, 5.97. 'H NMR (300 MHz, CDCL,): 5 0.94 (t, ] = 7.2 Hz,
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3H), 1.35 (m, 2H), 1.72 (m, 6H), 1.87—1.94 (m, 2 + 6H), 2.05 (s,
3H), 4.28 (t, ] = 7.2 Hz, 2H), 5.70 (s, 2H), 7.35 (s, 1H), 7.44 (s, 1H),
7.50 (d, ] = 8.1 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H), 10.57 (s, 1H).
BC{'H} NMR (75 MHz, CDCL,): § 13.6, 19.7, 28.2, 32.2, 36.6, 39.1,
472, 50.2, 52.9, 122.2, 128.1, 1289, 135.3, 137.3, 140.8, 210.0. IR
(KBr): 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 833.4 [2-M" + 7Br™]* (3%), m/z 377.3 [M]* (100%).
1-(1-Adamantylmethyl)-3-methylbenzoimidazolium lodide
(5*I7). The iodide of 5" was isolated as colorless crystalline powder
(125 mg, 83% yield) using 98 mg (0.37 mmol) of 10. Mp: 115—120
°C. Anal. Calcd for C,oH,.IN, (408.32): C, 55.89; H, 6.17; N, 6.86.
Found: C, 55.55; H, 6.17; N, 7.03. "H NMR (300 MHz, DMSO-d,): &
1.56—1.67 (m, 12H), 1.95 (s, 3H), 4.11 (s, 3H), 4.23 (s, 2H), 7.67—
7.70 (m, 2H), 8.01—-8.03 (m, 1H), 8.12—8.14 (m, 1H), 9.64 (s, 1H).
BC{'H} NMR (75 MHz, DMSO-d;): § 27.4, 33.3, 34.3, 35.9, 39.0,
57.0, 1134, 114.1, 1262, 1264, 1315, 132.3, 1432. IR (KBr):
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™'. ESI-MS:
m/z 2812 [M]* (100%).
1-(1-Adamantylmethyl)-3-butylbenzoimidazolium Bromide
(6*Br). The bromide of 6" was isolated as colorless crystalline
powder (279 mg, 92% yield) using 200 mg (0.75 mmol) of 10. Mp:
208—212 °C. Anal. Calcd for C,,H; BN, (403.40): C, 66.50; H, 7.75;
N, 6.94. Found: C, 66.27; H, 7.83; N, 7.05. '"H NMR (300 MHz,
CDCLy): 6 0.96 (t, ] = 7.2 Hz, 3H), 1.43 (m, 2H), 1.54—1.69 (m,
12H), 1.99-2.06 (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;):
513.7,19.9, 28.0, 31.5, 35.2, 36.4, 40.4, 47.6, 58.7, 113.1, 114.0, 127.0,
1272, 131.0, 132.9, 143.6. IR (KBr): 3454(m), 3387(m), 3129(w),
3056(w), 3029(w), 2964(m), 2904(s), 2849(m), 2789(w), 2679(w),
1614(w), 1564(s), 1480(w), 1458(m), 1428(m), 1386(m), 1369(w),
1346(w), 1316(w), 1278(w), 1230(w), 1212(w), 762(s), 616(w)
cm™. ESI-MS: m/z 725.3 [22M* + 7’Br~]* (10%), m/z 323.2 [M]*
(100%).
1-(1-Adamantylmethyl)-3-butylbenzoimidazolium lodide (6*I").
The iodide of 6" was isolated as colorless crystalline powder (128 mg,
86% yield) using 89 mg (0.33 mmol) of 10. Mp: 202—204 °C. Anal.
Calcd for C,,H,,IN, (450.40): C, 58.67; H, 6.94; N, 6.22. Found: C,
58.43; H, 6.86; N, 6.23. '"H NMR (300 MHz, CDCL,): § 0.98 (t, ] =
7.2 Hz, 3H), 1.46 (m, 2H), 1.55—1.66 (m, 12H), 2.01—-2.09 (m, SH),
4.33 (s, 2H), 4.68 (t, ] = 7.5 Hz, 2H), 7.63—7.79 (m, 4H), 1091 (s,
1H). BC{'H} NMR (75 MHz, CDCL;): § 13.7, 19.9, 28.0, 31.5, 35.2,
36.4,40.5,47.6, 58.7, 113.2, 114.1, 127.2, 127.4, 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), 1207(w), 1180(w), 1022(w),
758(s), 615(w), S71(w) cm™. ESIMS: m/z 7733 [2M' + I']*
(21%), m/z 3233 [M]* (100%).
1-(1-Adamantylmethyl)-3-butylbenzoimidazolium Mesylate
(6*MsO~). The mesylate of 6" was isolated as colorless crystalline
powder (57 mg, 36% yield) using 100 mg (0.38 mmol) of 10. Mp:
195198 °C. Anal. Caled for C,3H;,N,0,S (418.59): C, 65.99; H,
8.19; N, 6.69. Found: C, 66.17; H, 8.12; N, 6.92. '"H NMR (300 MHz,
CDCL,): 6 098 (t, J = 7.5 Hz, 3H), 1.45 (m, 2H), 1.56—1.71 (m,
12H), 2.01-2.07 (m, SH), 2.80 (s, 3H), 4.28 (s, 2H), 4.64 (t, ] = 7.2
Hz, 2H), 7.59-7.71 (m, 4H), 10.57 (s, 1H). *C NMR (75 MHz,
CDCL,): & 13.6, 19.9, 28.1, 31.5, 352, 36.5, 39.8, 40.4, 47.5, 58.6,
113.0, 114.0, 126.8, 126.9, 131.2, 133.0, 144.7. IR (KBr): 3121(w),
3103(w), 3027(w), 2960(w), 2906(s), 2849(m), 2677(w), 1638(w),
1614(w), 1561(m), 1484(w), 1459(w), 1429(w), 1385(w), 1344(w),
1318(w), 1279(w), 1207(s), 1145(w), 1044(s), 1021(w), 772(s),
672(w), 617(w), 553(m) cm™". ESI-MS: m/z 741.4 [2-M* + MsO~]*
(2%), m/z 323.3 [M]* (100%).
1-[4-(1-Adamantylcarbonyl)benzyl]-3-butylbenzoimidazolium
Mesylate (7*MsO~). The mesylate of 7" was isolated as colorless
crystalline powder (24 mg, 17% yield) using 100 mg (0.27 mmol) of
11. Mp: 193—198 °C. Anal. Caled for CyHyeN,0,8 (522.70): C,
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68.93; H, 7.33; N, 5.36. Found: C, 69.07; H, 7.39; N, 5.12. '"H NMR
(300 MHz, CDCL,): 5 0.98 (t, ] = 6.9 Hz, 3H), 1.45 (m, 2H), 1.71 (m,
6H), 1.92—2.03 (m, 11H), 2.82 (s, 3H), 4.57 (t, ] = 6.9 Hz, 2H), 5.89
(s, 2H), 7.50—7.70 (m, 8H), 10.98 (s, 1H). BC{'H} NMR (75 MHz,
CDCL): & 13.6, 200, 282, 31.4, 36.6, 39.1, 39.8, 47.1, 47.8, 51.0,
1132, 114.0, 127.2, 127.4, 128.1, 1282, 131.5, 131.7, 135.2, 140.5,
144.0, 209.8. IR (KBr): 3125(w), 3059(w), 2931(s), 2907(s),
2852(m), 2680(w), 2659(w), 1690(m), 1611(w), 1561(m),
1481(w), 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), 761(m), 670(w), 634(w), 611(w), 555(w), 536(w)
em™", ESI-MS: m/z 949.4 [2-M* + MsO™]* (11%), m/z 427.3 [M]*
(100%).

General Procedure for Preparation of 9 and 11. Benzimidazole or
imidazole (1 equiv) was dissolved in dry DMF (150 equiv), and N-
ethyl-N-isopropylpropan-2-amine (1.5 equiv) and Il-adamantyl 4-
bromomethylphenyl ketone (1.1 equiv) were added at room
temperature. The mixture was vigorously stirred under an inert
atmosphere at 100 °C for S 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,SO,. 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 (v/v) petroleum ether/ethyl acetate].

1-[4-(1-Adamantylcarbonyl)benzyl]-1H-imidazole (9). Compound
9 was isolated as pale yellow oil in a yield of 328 mg (65%) using 573
mg (1.72 mmol) of starting bromide. Anal. Caled for C,H,,N,O
(320.43): C, 78.71; H, 7.55; N, 8.74. Found: C, 78.83; H, 7.52; N,
8.51. '"H NMR (300 MHz, CDCL,): & 1.71—-1.81 (m, 6H), 2.00 (s,
6H), 2.09 (s, 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). *C{'H} NMR (75
MHz, CDCL,): 6 28.3, 36.7, 39.2, 47.2, 50.8, 119.6, 127.0, 128.1, 129.4,
137.5, 138.1, 139.8, 209.6. IR (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), 954(w), 930(w), 834(w), 815(w), 794(w), 733(m), 663(m)
em™. GC=MS (EL): m/z 320 (5%), 293 (12%), 292 (50%), 136
(11%), 135 (100%), 118 (9%), 107 (14%), 93 (24%), 91 (9%), 90
(13%), 89 (8%), 81 (9%), 79 (27%), 77 (9%), 67 (11%), 55 (7%), 41
(8%).

1-[4-(1-Adamantylcarbonyl)benzyl]-1H-benzimidazole (11).
Compound 11 was isolated as pale yellow crystalline powder in a
yield of 218 mg (44%) using 497 mg (1.49 mmol) of starting bromide.
Mp: 126—131 °C. Anal. Caled for C,H,¢N,O (370.49): C, 81.05; H,
7.07; N, 7.56. Found: C, 80.94; H, 7.09; N, 7.38. 'H NMR (300 MHz,
CDCL): 6 1.68—1.78 (m, 6H), 1.96-1.97 (m, 6H), 2.06 (s, 3H), 5.42
(s, 2H), 7.20 (d, ] = 8.4 Hz, 2H), 7.27—7.32 (overlapped signals, 3H),
7.52 (d, J = 7.2 Hz, 2H), 7.86 (m, 1H), 8.15 (s, 1H). “C{'H} NMR
(300 MHz, CDCL,): § 28.3, 36.7, 39.2, 47.1, 48.6, 110.1, 1207, 122.7,
123.5, 126.7, 1282, 134.0, 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), 1050(w), 1020(w), 986(m), 930(m), 887(w),
845(w), 864(w), 845(w), 821(w), 789(w), 756(s), 722(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
(100%), 131 (6%), 119 (8%), 107 (13%), 93 (25%), 91 (12%), 90
(16%), 89 (12%), 81 (8%), 79 (26%), 77 (10%), 67 (11%), 55 (8%),
41 (6%).

Computational Details. The nucleus-independent chemical
shielding (NICS*®) was calculated on geometry-optimized structures
of f-CD, CB6, and CB7 at the PBE0’"/6-311G**° level of theory
using the Gaussian 09.A2°° software package. PyMOL?” and VMD™
were used to visualize the computed data. Molecular dynamics of
individual complexes were performed in the AMBER 12 package®
using GAFF" and GLYCAMO06"" force fields. Production simulations
at 300 K and 1 bar in an explicit water environment were 1 s long.
See the Supporting Information for further details.
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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-
[7]uril (CB7) and f-cyclodextrin (-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 (3-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
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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 «-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 3-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 (-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 S22, S43, and S48). 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 B-CD.

CB7 f-CD
Guest Km" nt Km 'l nt
1 4.22x10° 1.00 3.57x10° 1.04
2 1.35x 10" 0.56 9.20x10* 0.49
3 LA5%10"M 0.50 9.87x10* 0.44
4 - - 5.72x10° 0.99
5 443x10° 1.01 1.01x 10" 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 li-
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 3-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 3-CD
in the complex.

The ternary aggregate 2@(CB7"3-CD") was formed when
an equimolar mixture of 2 and CB7 in D,0 was titrated with f3-
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-

Chem. Eur. J. 2015, 21, 11712-11718 www.chemeurj.org
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quently, the addition of a 3-CD solution led to the deshielding
of the free Ad protons as the second Ad cage was included
within the -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 Z@B-CDZ"" 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 (-CD-bound Ad cage (Figure 2, lines iii-v) im-
plies the replacement of the (-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 (3-CD was calculated from the normalized integral
intensity of the Ad H, and the minor (3-CD H1 signals. Subse-
quent 2D DOSY-NMR spectroscopy revealed that there are two
forms of B-CD differing in their diffusion coefficients D. The
minor $-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,"3-CD*™") with two CB7 caps at

A . Hateq)
N/\\N H.
(ax)
_ o
" poo™ e “Cl: 19
I

A v

JL!: Ik+Ad L
p-cD

_N

H1 sl
b ook R
i

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 3-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 3-CD H1 signal from the
early stages of the titration experiment. Thus, the ternary ag-
gregate 2@(CB7"3-CD®"" 3-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 -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,M 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 kimol ' 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 3-CD into a disper-
sion of 6 in D,0 to obtain a clear
solution (the second mixing
mode described above). In con-
trast to the corresponding spec-
trum of the 2/B-CD mixture,

splitting of B-CD H1 and the H\

|

p-CD"

\ -CD*™

M
e

guest aromatic signals was ob-
served (see Figure 3, lineii, and
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equilibrium with $-CD in the bulk solution, whereas the -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 (3-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, lineiii). 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*°CB74%B-CD®™). Note that the
signal of -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 (3-CD unit, but even, in
contrast to guest 2, three 3-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,,3-CD®™), whereas the com-
plex 3@(B-CD4% 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",3-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 [3-CD were examined
to observe the signals related to the [guest-host]®. Subse-
quently, mixtures of guests 2, 3, 6, and 7 with a 5 equivalents
of B-CD were analyzed. Three types of complexes [guest--
CD,)*", where n=1, 2 or 3, were detected. However, the signal
of [2:B-CD,J** 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-

H

" a(eq)
N/\\N,\@‘\Ha(ax)
@ ‘b
b

05
NQ/N %

a ca,

ax eq

vi

T, S— (V)

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
the binary complex 6@(3-CD4° -
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,0 at 303 K or 333 K for line iii. Molar frac-
tions of 6, 3-CD and CB7: i) 1.00, 0.00, 0.00; ii) and iij) 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-(3-CD,CB7,)*". 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"
[C:saHzosN Oal"

[2-F+CB7J"
779.3018

N

—— experimental
--- computed

2035.7402
©2035.7375

Al b

[2+2c57]"
1468.5552

[B-CD+Na]'
1157.3599

Ly

T T T T T T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 M/z

Figure 4. The positive-ion ESI high-resolution mass spectrum (full scan) of an
aqueous solution of 2 (12.5 pum), CB7 (37.5 um), and B-CD (62.5 pm). 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(3-CD,CB7,)*" 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 [3-CDNa]" 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
3-CD cavity, we can conclude that the 3-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 4,4"-biphenylene bisimidazolium
moiety (BiPh) represents an interesting binding site that is ca-
pable of forming inclusion complexes with 3-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 [3-CD with
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a stoichiometry of 1:1:1 or 1:2:1 (guest/CB7/3-CD). The inter-
esting result of this work is the demonstration that the central
BiPh is more capable of binding the $-CD unit when surround-
ed by rather sterically hindering cationic moieties, e.g., 6 binds
three 3-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-
Adamantylbromomethane, 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 [DsJDMSO)=2.50 ppm, d(residual CD,HOD)=3.31 ppm; “C:
O([Dg]DMSO0) =39.52 ppm, 6(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 (0.1220g,
0.36 mmol). The product was obtained as a colorless microcrystal-
line powder (178 mg, 99%). M.p.=104-109°C; 'H NMR (500 MHz,
[Dg]DMSO): ¢ =3.88 (s, 6H), 5.51 (s, 4H), 7.55 (d, J=8.5 Hz, 4H),
7.73 (d, J=8.0Hz, 4H), 7.76 (d, J=1.5Hz, 2H), 7.87 (d, J=1.5 Hz,
2H), 9.36 ppm (s, 2H); *C{'H} NMR (125 MHz, [DJDMSO): 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 (%): 4252 [M+""Br 1" (3),
3433 [M—H"]" (4), 261.3 (4), 172.2 [M** (29), 131.3 (100); elemen-
tal analysis calcd (%) for C,,H,,Br,N,23H,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]DMSO): 6 =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, J/=8.0 Hz, 4H), 7.70
(s, 2H), 7.74 (d, J=8.5Hz, 4H), 7.87 (s, 2H), 9.22 ppm (s, 2H);
BC{'H} NMR (125 MHz, CD,0D/CDCls): 6=28.8, 34.5, 37.0, 40.5,
53.7, 62.4, 122.8, 125.4, 128.8, 129.9, 133.8, 137.4, 142.0 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
CaoHs,BrN,1.2H,0: C 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, [D,JDMSO): 6 =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, J/=8.5Hz, 4H), 7.63
(d, J=1.5Hz, 2H), 7.74 (d, J=8.5Hz, 4H), 7.83 ppm (d, J/=2.0 Hz,
2H); BC{'"H} NMR (125 MHz, [DJDMSO): 0 =104, 27.4, 34.5, 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 [MPP" (100); elemental analysis calcd (%) for
CaHssBrN,1.1H,0: C 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): 0=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, /=8.2 Hz, 2H), 9.84 ppm (s, 2H);
BC{'H} NMR (125 MHz, CD,0D/CDCly): =289, 35.7, 37.0, 51.5,
59.5, 114.5, 115.1, 128.2, 1283, 128.9, 129.5, 131.9, 1334, 134.0,
141.9, 143.1 ppm; IR (KBr): 3422, 3023, 2902, 2846, 1558, 1449,
1432, 1381, 1367, 1345, 1200, 1180, 774cm'; MS (ESI): m/z
(%):356.3 [MI** (100); elemental analysis calcd (%) 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/CDCls): d=1.64 (m, 18H), 1.73 (m, 6H),
2.02 (m, 6H), 2.96 (s, 6H), 4.25 (s, 4H), 5.80 (s, 4H), 7.29 (d, /=
8.5 Hz, 4H), 7.62 (m, 8H), 7.80 (d, /=7.6 Hz, 2H),), 7.89 ppm (d, /=
7.2 Hz, 2H); *C{'"H} NMR (125 MHz, CD;0D/CDCl;): 6 =12.8, 29.0,
37.0, 37.6, 41.7, 49.6, 58.2, 113.6, 115.3, 127.7, 128.1, 128.3, 128.9,
1322, 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 [M]**
(100); elemental analysis calcd (%) for Cg,HgoBr,N,-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,
[DJDMSO): 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), 7.71 (d, J=84Hz, 4H),
7.76 ppm (d, J=2.1 Hz, 2H); *C{'"H} NMR (125 MHz, [D,]DMSO): 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 C,,H,5l,N,-0.5H,0: C 45.37, 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,
[Dg]DMSO): 6=4.11 (s, 6H), 5.82 (s, 4H), 7.59-7.71 (m, 12H), 7.98
(d, J=8.0 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, 1289, 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 [MP** (100); elemental analysis calcd (%) for CsoH,gl,N,H,0 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
[n]urils 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[n]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 CBS8 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.utb.cz; Tel: +420
576 031 103

"Centre of Polymer Systems, Tomas Bata University in Zlin, tfida Tomase Bati 5678,
760 01 Zlin, Czech Republic

+ Electronic supplementary information (ESI) available: 'H and '*C NMR spectra,
titration data, and mass spectra. See DOI: 10.1039/c6ra23524g
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CD;C0O,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-yl)adamantane have K, values with CB7
0f2.06 x 10° M™" (in 50 mM CD;CO,Na/D,0) and 1 » 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,
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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; ie., CB7, CB8, and B-CD.
Guest 5 interacts with p-CD following a fast exchange mode on
the NMR timescale, and all of the Ad and ethylene signals are
shifted downfield (see Fig. S10f). 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
% 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).*?° 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 S1f). By examining the
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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 §17) 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 p-CD likely due to
steric hindrance between the C(6)H,OH groups of f-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@CBS 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@p-
CD correlate well qualitatively with the association constants
that were obtained by calorimetric titrations, see Table 1. For
comparison, we also measured 5-2-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™}] for the interactions of 5—-7 with CB6, CB7, CB8, and B-CD at 303 K

Guest CB6 CB7 CB8 B-CD

5 nb (1.64 + 0.09) x 10115¢ (5.3 + 0.3) x 102 (1.82 £ 0.01) x 10"
5 nb (3.5 4 0.3) x 10"%%¢ (3.4 + 0.2) x 10"9¢ (1.71 £ 0.03) x 10™
6 (1.23-1.36) x 10%¢ (1.29 + 0.11) x 10 (3.29 + 0.15) x 102 (1.65 = 0.01) x 10*”
7 nb omb omb (0.18-6.31) x 10°%/

@ All titrations were performed in triplicate. The K, values are reported

for a single binding site. P Experiments were carried out in water. ¢ 1,6-

Hexamethylene diamine-2HC] was used as a competitor. 9 1-Adamantaneamine-HCI 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 Roval 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, CBS8, and p-CD
indicate that the binding behavior of 6 is very similar to that of
5; .e., 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. S14t). 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° MY, for full data, see Table S11). 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.

1.0 —s— 5@CB7
§ 08 —s+— 5@pCD
£ v— 5/-CD
§ o8 —+— AdNH,'@CB7
% 4]
&
g 0.2 v :\h \
g S,
Q 00 PRS $1 1 T T,
00 02 04 06 08 10 12 14 16 18
CID amplitude
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,0 (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-CD". 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 p-
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@CB7; with excess of CB7 (see Fig. $18). 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
A
SN b
I k! N

\~/

g f eq.
A rey ;

1:0:.0

T T T T T T T T T T T T 1

24 22 20 18 16 14 12 10 08 06 04 02 00
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,0 at 303 K.
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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.
It 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 xcg; = 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"

Th T T
capy T g 7S
=000 ©-/0-0.-0-0-0
-7.84 kd/mol 9.83 kJ/mol
7@CB7* 7@CB7' 7@CB8° 8’
cerf .CB7 | cB7 £ E
v s v ' . i
e}{e}-0—(e}-0-{0) o-0-0—0-0-0
7@(CB7°,CBT") 7@CB7, 7@(CB8°,CBS)) 7@CB8;
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A
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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: ccgy = 0.3465 mM,
c7 = 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 CB8. Unfortunately, limited solubility of CBS8
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@CBS8 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, ie., 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 B-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,”*
conclude that this NMR experiment confirms the formation of
the 7@(B-CD®CB73) 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 p-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 8-CD into a solu-
tion which contained 7@CB7;. However, we observed only
single set of the B-CD signals. These observations imply that

we can
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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 -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). 1t should be noted that during this stage of the exper-
iment, some CB8 remained undissolved. After the subsequent
addition of an excess of B-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
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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,0 at 323 K. The signals of 7@CB8 and 7@B-CD are denoted by *
and I, 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 ESIf).
Additional support for the complex hypothesized above can
clearly be observed in a ROESY spectrum (Fig. S19t). Whereas
the cross-peaks of the terminal Ad and inner p-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: d(residual DMSO-d;) =
2.50 ppm, 6(HDO) = 4.70 ppm, d(residual CHCl;) = 7.26 ppmy;
13C: 6(DMSO-dg) = 39.52 ppm, 6(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 cm ™. 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 aqueous
solution of the guest molecule (6.25 uM) and the corre-
sponding host molecule (1.0-5.0 equivalents) for the binary/
ternary complexes or an aqueous solution of the guest mole-
cule (6.25 uM) and the corresponding host molecules (1.0-5.0
equivalents) for the quaternary complexes was infused into the
ESI source at a constant flow rate of 4 ul 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,O 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 0.35-0.05 and 3.50-0.50 mM, respectively. The
exact concentrations of CBn stock solutions were determined
by the ITC titration of stable and non-hygroscopic guests
which are known to form 1:1 complex (ie, 1-ada-
mantaneamine-HCl for B-CD, CB7, and CB8 and 1,6-hex-
anediamine-2HCI for CB6; purity was checked by elemental
analysis prior titration). The raw experimental data were
analyzed with the MicroCal 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, ¢g; = (2.05 £ 0.09) x
10° M~" (water) and K, g7 = (2.84 + 0.22) x 10" M~' (50 mM
CH;CO,Na buffer) and 1-adamantaneamine-HCl with K, cpg =
(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 competitors.” The
enthalpy for competitive experiment was calculated as a sum
of enthalpies for each step in competitive sequence. These AH
values were verified by independent titration without
competitor (see, Table S17).

1,3-Bis(2-hydroxyethan-1-yl)adamantane (3). The dimethyl
dicarboxylate 2 (2.4 g, 8.6 mmol) was dissolved in 16 cm”® 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
mixture 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 em® 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,S0,, and the solvents were
evaporated under reduced pressure. The diol 3 was isolated as
a colorless crystalline powder (1.81 g, 94%) with mp = 118-
120 °C (compared with values from the literature® of mp = 117-
118 °C). No further purification was needed. "H NMR (CDCI;):
6 1.28 (s, 2H), 1.37-1.51 (m, 14H), 1.58 (m, 2H), 2.00 (m, 2H),
3.70 (m, 4H). C {'"H} NMR (CDCl;): 29.10, 32.7, 36.6, 42.3, 47.0,
48.3, 58.9. (KBr): 3301 (m), 2907 (m), 2874 (m), 2838 (m), 1447
(m), 1035 (s), 1021 (s), 967 (w), 669 (w), 615 (m) em ™™,
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1,3-Bis(2-bromoethan-1-ylJadamantane (4). Diol 3 (1.82 g, 8.1
mmol) and CBr, (5.05 g, 15.2 mmol) were dissolved in 22 cm® 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 aqueous portion was extracted with CH,Cl;, the collected
organic portions were washed with 3 x 15 cm® of saturated
NaHCO; solution and dried over Na,SO,, and the solvent was
removed under reduced pressure. The obtained solid material
was triturated with pentane several times, and the collected
liquid 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,
86%) with mp = 45-48 °C (compared with the values from the
literature® of 45-47 °C). This material was used in the next step
without further purification. "H NMR (CDCI;): é 1.26 (s, 2H),
1.45 (m, 8H), 1.58 (m, 2H), 1.74 (m, 4H), 2.04 (m, 2H), 3.39 (m,
4H). *C {"H} NMR (CDCly): 6 28.7, 28.8, 34.7, 36.4, 41.6, 47.0,
47.8. TR (KBr): 2909 (s), 2846 (s), 1446 (s), 1363 (w), 1343 (W),
1329 (m), 1239 (w), 1219 (m), 1153 (12), 662 (s), 562 (s) cm ™.

General procedure for the preparation of guests 5-7

The corresponding 1-methyl, 1-butyl, and 1-(1-ada-
mantylmethyl)imidazole (4 eq.) was dissolved in dry toluene (2
cm?), and 1 eq. of 4 was added at room temperature. The
mixture was stirred under inert atmosphere at 80-100 °C and
monitored by thin-layer chromatography. When the starting
material had been consumed, the crude product 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 microcrystalline powder (7) or oil (5 and
6) was 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-yl)ethyllJadamantane dibro-
mide (5). Compound 5 was prepared from 0.1 g (0.29 mmol) of
dibromide 4. The product was obtained as a colorless viscous oil
in the yield of >99%. Anal. caled for C,,H;,Br,N, 2H,0: C,
48.01%; H, 6.96%; N, 10.18%; found C, 47.93%; H, 6.96%; N,
10.33%. 'H NMR (DMSO-d): & 1.33 (s, 2H), 1.41-1.51 (m, 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 (m, 2H), 7.84 (m, 2H), 9.29 (s, 2H) ppm. °C {'"H}
NMR (DMSO-dg): 6 28.1, 32.3, 35.6, 35.7, 40.7, 43.1, 44.4, 46.2,
122.3, 123.5, 136.5 ppm. IR (KBr): 3149 (vw), 2904 (w), 2845 (m),
1634 (), 1572 (s), 1449 (w), 1344 (vw), 1169 (vs), 1106 (w), 851 (s),
759 (m), 667 (W), 623 (m) cm ™. ESF-MS: 433.3/435.3 [M*" + Br [,
353.4 [M*" — HT, 271.3 [M*" — CH,N,'T, 177.2 [M]¥, 83.3
[C4HN,]" m/z.
1,3-Bis[2-(3-butylimidazolonio-1-yl)ethyl ]Jadamantane dibro-
mide (6). Compound 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. caled for C,gH,6Br,N,1.6H,0: C, 53.61;
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H, 7.91%; N, 8.93%; found C, 53.69%; H, 8.18%; N, 8.54%. ‘H
NMR (DMSO-dg): 6 0.89 (t, *Jyyy = 7.4 Hz, 6H), 1.21-1,29 (m, 4H),
1.32 (s, 2H), 1.40-1.50 (m, 8H), 1.58 (m, 2H), 1.63-1.66 (m, 4H),
1.75-1.81 (m, 4H), 2.01 (m, 2H), 4.18 (t, *Jyy = 7.1 Hz, 4H), 4.22-
4.25 (m, 4H), 7.82 (m, 2H), 7.87-7.88 (m, 2H), 9.41 (s, 2H) ppm.
*C {'"H} NMR (DMSO-dg): 6 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, 135.9 ppm. IR (KBr):
3134 (s), 3074 (s), 2961 (s), 2927 (sh), 2905 (s), 2873 (sh), 2847
(vs), 1628 (w), 1562 (vs), 1461 (w), 1448 (w) 1369 (w), 1162 (w),
1026 (w), 865 (s), 754 (m), 645 (w) em ™", ESI-MS: 219.3 [M]*' m/z.

1,3-Bis{2-[3-(1-adamantylmethyl)imidazolonio-1-yl]ethyl}
adamantane dibromide (7). Compound 7 was prepared from
0.1 g (0.29 mmol) of dibromide 4. The product was obtained as
a colorless microcrystalline powder in the yield of 81%. Mp =
192-195 °C, anal. caled for C,,Hg,Br,N,- 0.8THF - H,0: C, 63.24;
H, 8.27%; N, 6.53%; found C, 63.27%; H 8.35%; N, 6.27. '"H NMR
(DMSO-dg): 6 1.33 (s, 2H), 1.37-1.49 (m, 8H), 1.44 (m, 12H), 1.52-
1.67 (m, 12H), 1.52-1.55 (m, 2H), 1.65-1.68 (m, 4H), 1.95 (m, 6H),
1.99 (m, 2H), 3.92 (s, 4H), 4.26-4.29 (m, 4H), 7.69 (m, 2H), 7.91
(m, 2H), 9.35 (s, 2H) ppm. **C {'"H} NMR (DMSO-d): 6 27.4, 28.1,
32.4,33.1, 35.5, 36.0, 39.0, 40.6, 42.8, 44.5, 46.4, 59.8, 121.9, 124.0,
136.5 ppm. IR (KBr): 3150 (sh), 3129 (m), 3065 (s), 3040 (s), 2927
(sh), 2918 (sh), 2906 (vs), 2882 (sh), 2845 (vs), 2677 (vw), 2657 (vw),
1561 (vs), 1449 (m), 1366 (m), 1344 (w), 1315 (w), 1168 (s), 1156 (s),
1107 (w), 1067 (w), 977 (s), 837 (m), 803 (m), 783 (w), 719 (W), 664
(w), 644 (w) em™". ESI-MS: 311.3 [MJ*" m/z.

Computational details

Structures of 5, f-CD, CB7 and CB8 and corresponding inclu-
sion complexes were optimized using B3LYP functional*"** and
standard 6-31G(d,p) basis set with COSMO (COnductor-like
Screening MOdel) solvent model* (water). The D3 dispersion
correction® was implemented during the optimizations of
inclusion complexes for better description of these non-
covalently bonded species.

Conclusions

In conclusion, we demonstrated that the 1,3-disubstituted ada-
mantane scaffold that bears two imidazolium cations bonded via
ethylene linkers represents an efficient binding site for p-CD,
CB7, and CB8. The aggregation constants of guest 5 towards p-CD
and CB7 were comparable with that obtained for singly
substituted adamantane-derived guests. In addition, 5 is the non-
peptide guest with the highest value of K, observed to date (5.3 +
0.3) x 10" M™" in water and (3.4 £ 0.2) x 10" M~" in 50 mM
CH;CO,Na buffer) for 1:1 complex with CB8. Furthermore,
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 B-CD unit at the central site capped
by CB7 or CB6 at both terminal sites; i.e., 6@(B-CD,CB63) and
7@(B-CD%,CB73). In contrast, the CB8 was predominantly trap-
ped at the central Ad site by two B-CD units at the terminal sites;
i.e., 7@(B-CD},CB8"). These findings can enable new modalities
in the design and construction of supramolecular systems.
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