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1 ABSTRAKT

Supramolekularni chemie je relatévnovy a velmi zajimavy obor chemie. V sasné
doke této oblasti dostava Sirokého zajmu chamekwdecko-vyzkumnych pracovnik Tato
prace je zartena na syntézu nizkomolekularnich komponent vhddrnyo® naslednou
pripravu supramolekularnich polynieHlavni oblasti zajmu pak byly latky s lipofilnirtk
adamantylovymi terminalnimi skupinami, které molsbouzit jako ligandy pro kavitandy s
lipofilnimi kavitami. V pribéhu feSeni zadani prace byly vytemy dw¥ série organickych
latek na bazi imidazoliovych soli a byly studovgejch supramolekularni vlastnosti. Jako
hostitelské molekuly byl vybran cyklooligosachafiecyclodextrin a dusikaty makrocyklus
cucurbit[7]uril, picemZz oba tyto makrocykly maji vhodné velikosti kgyido které se
nekovalentd vazou 1l1-adamantylové skupiny rowyrobenych hostujicich molekul.
Vzhledem k poZadované rozpustnosti novych thest vodném prosedi byly jako polarni
soutasti jejich molekul zvoleny kationty odvozené oddazolu a benzimidazolu. VSechny
now vytvorené latky byly charakterizovany pomoci NMR, EA, B85, IR.
Supramolekularni chovani vybranych ligangak bylo studovano pomoé¢H NMR, 2D
NMR, ESI-MS a ITC. U jedné latky prvni série, 1{#-adamantylkarbonyl)fenylmethyl)-3-
butylimidazolium bromidu bylo pozorovano neobvykdgovani ve vztahu k CB7 [&CD.
Cyklodextrin je schopen wgnit CB7 z jeho preferovaného vazebného mista nakwie
hosta pestoZze vykazuje k tomuto vazebnému migtibligné 100x nizsi afinitu nez CBY7.
Tato energeticka ztrata je kompenzovana nasledaabou CB7 na jiné, nepreferované,
vazebné misto. U druhé série latek, bisimidazolbvsoli se déma identickymi vazebnymi
misty, byl pomoci ESI-MS popsan vztah mezi vazebngmZznostmi a odliSnostmi ve

fragmenté&nich drahach kompléxhostujicich molekul a CB7 v plynné fazi.

Kli¢ovéa slova: adamantan, hostitel-host chemie, imililazo cyklodextrin, cucurbituril.
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2 ABSTRACT

Supramolecular chemistry is rather new, howevecjtiexy cross-disciplinary field of
chemical science. Recently, many supramoleculatesys are extensively studied in
laboratories around the world. This work has beened at synthesis of low-molecular-
weight components of supramolecular polymers. &adily, the two series of the guest
molecules bearing lipophilic adamantane moietyeatinal positions have been prepared
and their supramolecular properties have been edludihe macrocycleg-cyclodextrin
(BCD) and cucurbit[7]uril (CB7) were chosen as a hosteawdes for their suitable cavity
size. The interior cavity of both these macrocyclesrfectly matches the spherical
adamantane moiety to form highly stable aggregdies.imidazolium and benzimidazolium
based spacers were employed to increase the waibility of final guest molecules. All
new prepared compounds were characterized by meamNVR, ESI-MS, IR and EA.
Supramolecular properties of selected guests waititands were examined usifig NMR,
2D NMR, ESI-MS and ITC. One compound from the firs¢rie, namely 1-(4-(1-
adamantylcarbonyl)phenylmethyl)-3-butylimidazoliubromide, displayed an interesting
behavior toward8-CD and CB7. Despite the 100 times lower affindyclodextrin was able
to push out the CB7 unit from its prefered bindsige. Corresponding energetic loss was
compensed by binding of CB7 to the second, unpedfsite. The compounds of the second
serie displayed very interesting relationship betwvehe host-guest binding mode and

fragmentation pattern in ESI-MS spectra.

Keywords: adamantane, host-guest chemistry, imidampcyclodextrin, cucurbituril
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3 UvoD

Supramolekularni chemie a zejména supramolekutélyimery jsou znamy jenékolik
desitek let. Dosud ne zcela probadana oblast sabe&ol je znéné oblibena mezi &dci,
ktefi se zabyvaji objagnim zpisobu interakce mezi hostitelskou molekulou a hadtuj
organickou slo&eninou, vlastnostmi novych supramolekularnich agffeg studiem
interaktivnich systémn¢i konstrukci pokreilych molekularnich nastrdj nagiklad senzatb.
Mezi jednotlivymi komponentami supramolekularnictysténii nevznikaji klasické
kovalentni vazby, ale molekuly drzfipsobs nekovalentnimi vazebnymi interakcemi jako
nagiklad vodikovymi vazbami, van der Waalsovymi intexami, n- -t interakcemi aj. Tato
skut&nost ma zasadni vyznam pro konstrukci materiél reverzibild promgnnymi
vlastnostmi na zakladzmen vrgjSich podminek jako jsou teplota, pH nebo koncestra
dalSich latek. Vyraznou &ou k vymezeni a zviditetmi supramolekularni chemidigpeli
védci Donald J. Cram, Jean-Marie Lehn a Charles dlel@en studiemi a naslednymi
publikacemiv oblasti kryptarigd crown-ethek a hostitel-host kompléx s vysokou

selektivitou, za coz obdrzeli Nobelovu cenu za dhgnmoce 1987. (1)

ProtoZze hlavnim cilem disettd prace byla fiprava a studium vlastnosti hostujicich
molekul na béazi imidazoliovych soli, z&fmje se toto pojednani na shrnuti zakladnich
poznatk o vlastnostech a metodachigravy derivat imidazolu a pislusnych imidazolii.
Pozornost je &ovana SirSimu kontextu vyuziti imidazoliovych selitedy iontovym
kapalinam a jejich aplikanimu potencialu ve farmakologii a gpnyslu. Jsou zde také
popsany vlastnosti hostitelskych molekul na bazuchiturili a cyklodextriri, stabilita

jejich komplexi a v neposledriiack moznosti vyuZzitidchto komplex v praxi.

10
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4 IMIDAZOL A BENZIMIDAZOL

Latky imidazol (1,3-diazol) a benzimidazol (berdlel,3-diazol) pati do skupiny
heterocyklickych organickych latek. Charakterisfick strukturnim rysem je uspadani
dvou atond dusiku v kruhu v pozici 1,3. Zatimco heterocykjidécuh imidazolu je pticetny,
benzimidazol ma navicipkondenzovano benzenoveé jadro v poziciObrdzek 1 Obs

sloweniny jsou za laboratorni teploty krystalické lathyicemz imidazol je bilé barvy a

o B
\—/

Obr. 1: Imidazol a benzimidazol

benzimidazol je nazloutly. (2)

Vodik vazany na heteroatomu dusiku v molekule &nidu i benzimidazolu v poloze
1 je snadno od&pitelny. S relative silnymi bazemi pak reaguji tyto latky za vzniku
imidovych soli, které jsou vyuZitelné pro substitiireakce jakoZto silné nukleofily. Na
druhou stranu, na dusikovém atomu v poloze 3iterpen volny elektronovy par nezapojeny
do konjugace. Tento elektronovy péar je zdrojem difgzia nukleofility a reakcemi s
vhodnymi alkyl&nimi ¢inidly, za gedpokladu pedchoziho obsazeni polohy 1 alkylem
arylem, je mozno ffpravit kvarterni soli. Elektronova hustota u inidéu je zvySena v

polohach 4 a 5, kam stifuji ptipadné elektrofilni reakce.

Obk¢ latky jsou hojg védci vyuzivany jako vychozi materialkady chemickych
syntéz. Imidazolovy i benzimidazolovy kruh figuryjennoha pouzivanychd&ech, a proto
jsou tyto latky a jejich derivaty pro vyzkum velmatraktivni a vyhledavané. Struktura
imidazolu nabizi mnoho biofyzikalnich interaka&i navazani pomoci vodikovych vazeb

s bilkovinami nebo Evymi latkami. (2)

4.1 Priprava imidazolu

V literature je popsano veliké mnozstvi syntéz vedoucich kamolu. Tato kapitola,
spiSe nez Werpavaji vyet publikovanych reakci fpdstavuje &kolik typickych pgistupi ke

konstrukci imidazolového kruhu.

11
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4.1.1 Priprava imidazolu z karbonylovych prekurzoria

Klasickd metoda ifipravy obecn 2,4,5-trisubstituovanych imidazoldle Debuse je
syntéza vychéazejici z vhodného aldehydu, ktery ujeag a-ketoaldehydem neba:-
diketonem v prosedi vodného amoniaku. V zavislosti na stri&tuvychozich
karbonylovych derivdit pak mohou, fes iminové prekurzory, vznikat disubstituovatié
trisubstituované imidazolyQbrazek 2 (3) ProN-substituiované imidazoly je pak vhodna
modifikace, kdy se do re&ki snesi, vedle jiz zmignych karbonylovych slaienin a zdroje
amoniaku, pida vhodny alkylamin. Takto Izefipravit 1,2,4,5-tetrasubstituované imidazoly

ve vysokych vyZcich. (4)

1 R

R o]
o NH./H,O nebo NH,Ac/AcOH N
1 ALY
2 3 R R3

R 6} R

R!
R __NH R
N|H \ N
+ —_— —_— -
2 k 3 HN/\‘ g NF, RN XH
U R HZN N R?
R?

Obr. 2 Debusova piprava imidazolu

4.1.2 Priprava imidazolu z hydroxyketonu

Obdobu pedchoziho postupuipdstavuje Radziszewskéhtigrava. V tomto fipad
je vSak namisto 1,2-dikarbonylové steniny pouZit a-hydroxyketon. Stejny o-
hydroxyketon pak vyuZil Bredereck, ktery ovSem rtedksnes zalfival v prostedi
formamidu. Tyto reakce poskytuji 4-substituovan@pgdré 4,5-disubstituované imidazoly,
Obrazek 3. (5) (6)

12
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R o] o R}
v o2 |l N
I ’ kNH 21,0 I»
R™ TOH 2 -HCO,H R N
H

1
k N/O

,HOH H
R N0 R _N N
-H,0 :\[ HCOOH
R o R Xg /\
Obr. 3 Nacrt mechanismu vzniku imidazoluzydroxyketonu a formamidu

4.1.3 Priprava imidazolu zN, N’- disubstituovaného oxalyldiamidu

DalSi giprava substituovanych imiazgl popsana Wallachem, zahrnuje cyklizaci
vhodného disubstitovaného diamidu kyselitigvelové,Obrazek 4. Nutnym gedpokladem
je piitomnost alespo jedné aktivované ChHskupiny v molekule vychozi latky a pouZiti
chloratniho¢inidla jako napiklad PCk nebo POGI (7) (8) (9)

Ar N
) H POCllj(,:Irseflux CI/[N»\N
HN —\ 3 k
H R
, (CH,),OCHj; Ar = Ph (75%)

R=H
R=H; Ar = p-CIPh (81%), 0-CIPh (61%)
j R=H; Ar = 3-pyridyl (39%) ]

Ar ; H
% — N P TGS
>_< C;>Y<CI " e

Obr. 4 Reakce vzniku imidazolu z N,N”-disubstituovar@étamidu s PGl

4.1.4 DalSi pripravy imidazolu

DalSi moznost ipravy 1,5-disubstituovanych imidadgbredstavuje Van Leusenova
reakce, i které reaguje vhodny azomethin s kyanmethyltdeytav bazickém proidi,
Obrazek 5.(10)

13
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~R N
N 2 eq K,CO / \
Ny e ALY
R H N MeOH, 20T, 3-72h

RY, R? = alkyl, aryl

Obr. 5: Schéma Van Leusenovy reakce

Mezi dalSi vhodné prekurzory imidazolového kruhatfip2,3-diaminomaleonitril,

ktery s rozlénymi vhodnymicinidly poskytuje izn¢ substituované 4,5-dikyanimidazoly, jak

§
H NC N\
NC \
N
cocl, H

dioxan HN

50C y’
N
NC { \V/NHZ CICN :[ _ HC©EY), 7
N THF, 50C amsol
H 135

NC

je ukadzano n®brazku 6. (11)

MeC(NH,)(OEt),
anisol

NC\&?/

Obr. 6: Priklady vyuziti diaminomaleonitrilu v syntéze imiolaz

4.2 Priprava benzimidazolu

Metody gipravy heterocyklu benzimidazolu jsou, stejjako v g@ipact imidazolu,
raiznorodé. Benzimidazol se vyrabi reakcemi z aldehydwhloridu kyselin, z kyselin,
amidi, zpravidla vSak konstrukci heterocyklu na jiEitgmném, vhodé substituovaném,

benzenovém jae.

4.2.1 Priprava benzimidazolu z aldehydu

Prvni zde popisovana syntéza 2-substituovanychimétezoli probiha pi pokojové

teplo€ za gitomnosti katalyzatoru hydroxidu a oxidu kobaltieté rozpou&tdle ethanolu,

14
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bez gitomnosti inertni atmosféry. Jako vychozi latky uspouzity aldehyd a 1,2-
fenylendiaminObrazek 7. (12)

NH, o ‘ H
/ I :
NH, N

Obr. 7. Reakce pipravy benzimidazolu z aldehydu a 1,2-fenylendianyfi reakénich
podminkach i=Co(OH)CoO, EtOH, na vzduchu, lab. teplota,4 —7h/6-9h

4.2.2 Priprava benzimidazolu z chloridu kyseliny

Pisobenim chloridu kyseliny ne-fenylendiamin vede ke vzniku benzimidazolu. K
reakci lze pouzit jak aromaticke, tak alifatick&lachloridy. Snés se obvykle refluxujeip
teplog 200—220°C a jako rozpouwsio je pouzit pyridin, ktery zarovieslouzi k vychytavani
vznikajici kyseliny chlorovodikové. Touto reakci nigaji opet 2-substituovane
benzimidazoly, ficemZ je mozné vychéazet z jiz substituovaného benahwjadra. Tyto
substituenty, jsou-li tolerovany podminkami reakbgyvaji v produktu zachovéany, jak
ukazuje piklad naObrazku 8. (13)

NH, N
CH,COCI \%
pyridin N
NH, H
NO, NO,

Obr. 8 Reakce pipravy benzimidazolu z acetylchloridwdenylendiaminu

4.2.3 Priprava benzimidazolu z kyseliny

Obdobou pedchoziho postupu, alespa pohledu vychoziho 1,2-fenylendiaminu, je
priprava vyuzivajici jako jednouhlikaty synton, i@tiny ke konstrukci heterocyklu, vhodnou
kyselinu. N-substituovany benzimidazol je moZn#&ppavit reakci vhodného sekundarniho
aminu. Zavedeni substituentu do polohy 2 byva vttoptipad® problematické, protoze
nahrada kyseliny mraven jinym vySSim homologem zpravidla vede ke komplika a

nizsim vygzkam. V uvedeném ifkladu naObrazku 9 byly jako vychozi latky cyklizéni
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reakce pouzity N-methyl-o-fenylendiamin a kyselina mravé&in Vznik4d tak N-

monosubstituovany benzimidazol. (13)

NH, N
+ HCOOH ——> \> +  2H,0
/
N N\

H

Obr. 9 Reakce pipravy benzimidazolu z N-methyl-o-fenylendiamikyseliny mravedi

4.3 Vyuziti imidazolu a benzimidazolu ve farmakologii

VyuZziti imidazolu a benzimidazolu v léksivi neni novy pojem. Proggdce jsou tyto
heterocykly velmi zajimavé &asto je vyuZivaji jako startovni materialy svycmtey a
ziskané latky podrobuji &eni biologické aktivity. Heterocyklické kruhy na iolazoliové
bazi jsou dlezitou sodasti strategie I€katvi a Iéky maji vyznamné terapeutické vlastnosti.
(14)

4.3.1 Imidazol

Imidazolovy kruh je vSudyftomny v @irod¢ a hraje dlezitou roli v mnohych
chemickych pochodech beky lidskeho &la nevyjimaje. Zndmou soasti primarniho
metabolismu jsou histidin a histamin. L-Histidinzékladni aminokyselina, ktera se, jakozto
souast proteif, vyskytuje prakticky ve vSechastech zivych organisin Dekarboxylaci
aminokyseliny histidinu, ktera je #pobena &inkem enzymu histidin-dekarboxylazy, vznika
histamin. Jednd se o biologicky aktivni latku zvantez (4-(2-aminoethyl)imidazol),
Obrazek 10 (15)(16)

Histamin je povaZzovan za neurotransmiter a neuromasat v lidském mozku a hraje
majoritni roli v patogennim pokroku po mozkové iscti. Ri poSkozeni tkani dochazi
k uvolnovani histaminu doéta. Histamin zmifiuje poSkozeni neurdéna snizuje celkovou
silu ischemie a podporuje obnovu neurologickyctkéiimozku. DalSi studie dokazuji funkci
histaminu pi zmirnéni amrtnosti nervovych b@k, potlatuje uvohovani dopaminu, inhibuje
zarety a tvorbu glii, ovlivnit nize také pitok krve mozkem, sniZzuje tepovou frekvenci,

podporuje neurogenezi. (17)
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H H
N \ HN,  H histidin-dekarboxylasa N \
N COOH N NH,
L-histidin histamin

Obr. 10 Histamin a L-histidin

Kromé shora uvedenych je imidazol sdsti slozigjSiho heterocyklu purinu,
systematicky imidazolo[4,8}pyrimidinu, afady od & odvozenych vyznamnych latek, jako
nagiklad bazi nukleovych kyselin adeninu a guar@arazek 11

o

NH,
= N 2 N H\ = N
N N
NS NS NS
N N N
N H N H HNT N N
Purin Adenin Guanin

Obr. 11 Struktura purinu, adeninu a guaninu

Dale je imidazol sotasti struktury biotinu — tedy vitaminu;Bn¢kdy nazyvaného
vitamin H, Obrazek 12 V této molekule je dihydroimidazol-2-onovy krubridenzovany ze
sirnym heterocyklem thiolanem. Je rozpustny vedvagro &lo nezbytny pi metabolickych
pochodech, kde v podstkoenzymu funguje jakoipnasSé karboxylové funkce. Je obsazen
v potravinach, jako jsou kvasnice, mléko, wmasti.(18) (19)

Obr. 12 Struktura vitaminu biotin

Vzhledem k nezanedbatelnym rolim derivéiidazolu v bus¢ném metabolizmu
nepgekvapi, Ze se imidazol a jeho derivaty staly zaktadpro celouradu syntetickych
biologicky aktivnich latek s rozmanitymgiky. V nasledujicim textu jsou uvedengkiteré
zajimavé piklady takovych latek a jejichéinka.
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4.3.1.1 Antiulcer6zum, antagonista H2-receptidr

Lécivo Cimetidin (tagametObrazek 13, inhibuje tvorbu Zaludsich kyselin, Iéi
paleni zahy a peptidick&edy, nebé inhibuje H-receptory nachazejici se v zaludku, kde

stimuluji sekreci kyseliny chlorovodikoveé. Byva @owan také jako analgetikum. (20)

N TN N
TN
//N

Obr. 13 Struktura cimetidinu

4.3.1.2 Antimikrobialni antibiotikum

Azomycin (2-nitroimidazol)Obrazek 14,je piirozere se vyskytujici alkaloid, ktery
je produkovan bakteriemi rodMocardia sppa Streptomyces eurocidicudzomycin byl
prvni nitroimidazol izolovany zifrodnich zdraj. Inhibuje bakteridlni syntézu protéin
Pisobi vici G a G bakteriim a anaerobnim bakteriim. (21) (22)

H
N\_No,
wr
N
Obr. 14 Struktura azomycinu

4.3.1.3 Chemoterapeutika

Metronidazol,Obrazek 15 je z&azen do skupiny chemoterapeutik a ma velmi silny
destrukni €inek na anaerobni bakterie. Lehce pronikd do jedngimych organism a

vyvolava rupturu DNAetézch v téchto organismech. (23)

OH

N

OZN\&Z/

Obr. 15: Struktura metronidazolu
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MisonidazoleObrazek 16taktéz spada do skupiny chemoterapeutik. Pouzivgise
radiove terapii fi |é¢bé rakoviny. (24) (25) (26)
NYNOz

Ry

lBF

Obr. 16: Struktura misonidazolu

4.3.1.4 Antimykotikum, gynekologikum

Clotrimazole je azolové antibiotikum s velmi Sirokyantimykotickym spektrem
acinkt na dermatofyty, kvasinky, proti kmém mikrobialnich organisfy mykozu,

kandiddzu, balanitidu a vulvitidu, coz je Zazevnich pohlavnich org&nJe sotasti krému

CanestenQbrazek 17.(3) (27)
Q0

Cl
Obr. 17: Struktura clotrimazolu

4.3.1.5 Parasympatikomimetika

V alkaloidech, jeZ se ziskavaji z rostliny mrstromal malolistého latinskiilocarpus
microphylluspéstovaného v Asii a Americe, se nachazi pestrésgm alkaloid, kde hlavni
skelet molekuly tvii heterocyklus imidazol. &nné latky jsou alkaloidy pilokarpin, (28)
dale pak pilokarpidin, isopilokarpin a pilosin, Blosin Obrazek 18 Pilokarpin se isoluje
zrostliny a fsobi jako parasympatikomimetikum. Pouzivd se k&osdini nitrogéniho

.....

kapky a Pilocarpin Spofa. (29) (30) (31)
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N/ o N/ NH

N

Pilokarpin Isopilokarpin Pilokarpidin

Pilosin Isopilosin

Obr. 18: Struktura alkaloid z Pilocarpus microphyllus

4.3.1.6 Dermatologika a imidazolové antimykotika

Uginna latka oxikonazoDbrazek 19,je obsaZena v krému s korseim oznaenim
Myfungar. Ten se pouzivaiiplécbé kize s plisovym a kvasinkovym onemoé&nim
koncetin, €la, kiZze ve vlasech a ¥jsich pohlavnich orgdin dale k I€b¢ plisni na nehtech.

Tento 1ék paf do skupiny dermatologik a imidazolovych antimyko{32)

Y/NJ a cl \/O/u
N T T
cl al \—/

oxikonazol ekonazol
Obr. 19: Struktura oxikonazolu a ekonazolu

Obdobné dinky vykazuje ekonazol nitrat,Obrazek 19 ktery je sodasti
farmaceutickych gél masti a psobi fungicid®, proti plisnim, kvasinkam, houbam a jinym
bakterialnim infekcim. DalSi vlastnosti 1éku je mogt zastaveni mnozeni bakterii na
tkanich. (33)

4.3.2 Benzimidazol

Stejs jako imidazol je i benzimidazol s&ésti struktury fady biologicky

vyznamnych slotenin. Napiklad Ize nalézt molekulu benzimidazolu ve stri&tuitaminu
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Bio. Vitamin By, trivialnim nazvem kobalamin je vitamin fat do skupiny B, je ve vad
dohie rozpustny a prcelio velmi dilezity Obrazek 2Q Je obsaZzen v migych vyrobcich,
slowenin v girok je tak N-ribosyl-5,6-dimethylbenzimidazol, ktery slouzi galaxialni

ligand na centralnim atomu kobaltu ve vitaming. B34)

° l
| o
L HN
NH '
=
H o 4 N
P=0
/
o o
Ho™

Obr. 20: Struktura vitaminu B

4.3.2.1 Antihelmintika

Dale je benzimidazolovy skelet zdkladem farmakiianych latkachtasto uzivanych
ve veterinarni medicén Antihelmintika iznymi mechanismy usmrcuji, inaktivuji nebo jen
paralyzuji parazitarni helminty v hostitelském arigmu. PouZivaji se k édrveni lidi a
zvitat. Vyznamnym fedstavitelem této skupiny latek je Fenbendazotiggatdo skupiny
benzimidazolovych derivat Je to latka se Sirokym spektrerininosti na gastrointestinalni
nematody, na plicnéervy, na gkteré tasemnice, cestody, migrujici lamkgcaris suum
Obrazek 21.(35) (27) (36)

/
QL

Obr. 21: Struktura fenbendazolu
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5 IONTOVE KAPALINY

ProtoZe imidazoliové soli, hlavni oblast zajmu t@idce, slouzi jako jeden z mnoha
strukturnich motiv pri pripraw iontovych kapalin (IL), jsou nasledujici odstawe@movany
obecnému fehledu vlastnosti IL. Zvlastnitetel je kladen na specifika imidazoliovych

kationti, ktera uplatnitelnost tohoto typu IL ziv& rozSiuiji.

Obecné definice iontovych kapalin zni: jsou to yakapalné konzistence za laboratorni
teploty (nebo v SirSim pojeti s bodem tani do c@@ iC), které jsou vyhradnslozeny s
iontd a vykazuji tudiz iontovou vodivost. Zpravidla slfja o organické, mértasto o

anorganicke soli. (37) (38)
Zajimavosti iontovych kapalin:

- Dosud byly ve wdeckych ¢asopisech publikovany struktury vice jak 15GZnych

iontovych kapalin.

- Siroky rozsah rozpustnosij misitelnosti s jinymi rozpoudty, iontové kapaliny jsou

hydrofilni.
- Mohou byt pouzity jako reaki mediumci katalyzator pi chemickych reakcich.

- Mohou byt vyuZivany f extrakci a separaci chemikdlii z vody i organicky

rozpoustdel.

- Fyzikélni, chemické a biologické vlastnosti IL mahioyt nastaveny zamnou aniontui

kationtu, gipadrée kombinaci dvoutznych IL.

- Mohou gispet k vyvoji ,zelené chemie”, fipadreé ,zelené technologie® tim, Ze nahradi
toxické, gkava a h#lava organickd rozpouitla. Tato zarna omezi vznik chemickych
odpad a zngisteni. (39)

5.1 Klasifikace IL

IL jsou typické soli zpravidla s organickym katiemt a organickymi nebo
anorganickymi anionty. Kationty IL mohou byt ra@tehy do rekolika skupin zahrnujicich

kationty amoniové, sulfoniové, fosfoniové, imiddmwk, pyridiniové, picoliniové,
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pyrrolidiniové, thiazoliové, oxazoliovéti pyrazoliové. Jako aniony jsou pouzivany

halogenidy, dugnany, hexafluorofosfotmany, tetrafluoroboritany nebo alkylsirany. (39)

Typické kationty a aniony jsou uvedeny m@brazku 22 a Obrazku 23. IL lze
z historického hlediska klasifikovat ddéi tgeneraci podrok#i popsanych v nasledujicich
kapitolach.

Velmi ¢asto jsou ¥dci zkouméany a vyramy IL na bazi imidazolu a benzimidazolu. V
téchto gipadech pak kationtovatast tvdi imidazolium, gipadré benzimidazolium s aima
dusikovymi atomy substituovanymi alkylovyiti@tzci. VétSina gchto IL jsou substituované
nesymetricky, tedy dima tiznymi substituenty, avSak najdou se i vyjimky zaijici latky
substituované symetricky.

T
@

Ry
/
R N S ®_R
Dy by OX
_— @N/> G)N\> R
\R )

Obr. 22: Priklady kationt vytvaejicich iontove kapaliny

© © ©
| T i
F F
F—B—F cl—AI—cl \/P\/
| | N
F cl F
CF3—5\02
o © o
/N CF;—SO, CF;—CoO,
CF—SO0,

Obr. 23: Priklady anionf vytv&ejicich iontové kapaliny
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5.1.1 Tetrahalogenohlinitany— 1. generace IL

Jednd se o eutektickou &sn chloridu hlinitého s halogenidem ethylpyridinia
vyvinutou tymem vedenym F. H. Hurleyem, (40) nelkétsnds chloridu dialkylimidazolii
s AICI;. Oke tyto snsi jsou i laboratorni teplat kapalné. (39) IL prvni generace se
pouzivaji jako rozpoudtla (41) (42) (43) nebo jako katalyzatory pro Fekedu-Craftsovu
syntézu (tetrachlorohlinitan 1-ethyl-3-methylimidéia). (44) Obecl je mozZné pouZit
iontové kapaliny prvni generace pro elektrofilnoraatické substituce,fpnichz je nutna
piitomnost Lewisovy kyseliny (tj. alkylace, acyladealogenace a chlorsulfonace). Dale

mohou byt pouZity jako plnivo do suSicichizani, neb6 na sebe vaZzou vodu. (45)

5.1.2 lontové kapaliny neobsahujici [AlX] - 2. generace IL

Nestalost IL prvni generace na vzduchu a citlikogkhkosti vedla k pipraw novych
IL, které byly ozn&ovany jako IL druhé generacetil®adem &chto vysoce stabilnich IL
mohou byt dialkylimidazolium-hexafluorofosfaman ¢i tetrafluoroboritan, které jsou
stabilni jak na vzduchu, tak ve vodném pfedt. Tyto pozitivni vlastnosti jsou vSak
vykoupeny moznouiftomnosti vysoce toxické kyseliny fluorovodikové. 2. generace se
negastji pouzivaji jako rozpoustlla v organické chemii, ngilad pro nukleofilni
substituce §l1. (45) (46)

5.1.3 Specialni a chiralni IL — 3. generace IL

Treti generace IL je zaloZzena na stahfiith aniontech, jako jsou nidklad
[(CFSOy)2NT], cukerné derivaty, aminokyseliny nebo jiné orgsi kyseliny, alkylsulfaty
nebo alkylfosfaty, fipadré na organickych kationtech jako je tiegbad cholin. Tyto kationty
a aniony jsou biologicky odbouratelné, snadno dosfua méé# toxické nez u fedeslych
generaci IL. Jedna se tak o novéidu rozpou&tdel, kterd jsou vice hydrofilni a misitelna s
vodou. (47)

Tyto IL mohou byt vyuzity také jako mobilni¢i stacionarni faze v

chromatografickych technikéach. (48)
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5.2 Vlastnosti a pouziti iontovych kapalin

Fyzikalni a chemické vlastnosti IL je mozné obeavlivnit délkou alkylovych
fettzci a povahou doprovodného aniontu (pro termickouilgtatplati priblizné paadi:
(CRSO)N > [PR]™ ~ [BRj] > CI). Obecr je moznoftici, Ze stabilita roste s rostouci
velikosti aniontu. Podobné fawli je mozné &kavat i pro vliv struktury na rozpustnost
iontovych kapalin. Naipklad imidazolium-hexafluorofosfoteany a
bis(trifluormethylsulfonyl)imidy nejsou s vodou nt&né, gicemz halogenidy, octany,
dustnany a trifluoroctany jsou s vodou misitelné zcel@etrafluoroboritany a
trifluormethansulfonaty tvid prechod, u nich je rozpustnost dana délkou alkylowiatir ci
kationtu. Samostatnou skupinu fivaetrachlorohlinitany, které se vodou rozkladag n
produkty hydrolyzy (kyselina chlrovodikova), a pramusi byt skladovany za bezvodych
podminek(45)

Znany vliv na bod tani imidazoliovych soli mohou nsiibstituenty, které jsou
navazany na imidazoliovém kruhu. Zny ve struktiie kationtu mohou ovlivnit schopnost
shlukovéani nebo stohovani aromatickych KrplomociteTt¢i iontovych iterakci. Substituce
do polohy C2 na imidazolu, st&jjako ndhrada imidazolu za benzimidazol, zvySuje t3mi.
Symetricky substituovany kation 1,3-dialkylimidamoh ma vySSi bod tani nez stejny kation,
ale s fiznymi substituenty navazanymi do poloh 1 a 3. lerd& obsahuji vysoce fluorované
anionty nap. BF,", PR, jsoucasto kapalné. (49)

Imidazoliové soli se mimo jiné pouZivaji k extrakkovovych ionti z vodnich
roztok, rozpou&ni sacharid, vytvaoreni polyelektrolytickych zvragnych vrstev na
povrchu materidl, zajiS&ni antimikrobidlniho &inku, k vytvd‘eni orientovanych tekutych
krystali apod. (50)

5.2.1 IL jako rozpoustédla

Rozsah IL, které jsou ugpobené pro pouZiti jako rozpo&dta i reakcich, je velmi
Siroky. Podminkou IL pro pouziti je stabilita vedreém progsedi. Jako fiklad mohou
slouzit IL pipravené J. S. Wilkersem a M.J. Zaworotkovem, kfga stabilni jak na
vzduchu, tak ve vad (46) (51) (52)
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Hlavnim cilem chemik je nalézt alternativnidistou technologii pro laboratorni
syntézy, kde by se zamezilo vyuzivani SkodlivycapousStdel. Reakce s nahrazenymi
rozpouddly jsou velmi jednoduché a pra@dce také praktické ve srovnani s organickymi
rozpoustdly. Mnoho organickych rozpougtel jako nap. dimethylsulfoxid se velmi¢tce
odstraiuje po reakci z produktu, prév tomto gipac je vhodné pouZzit rozpoustio na bazi
IL. (53) (54)

Yetkin GOk a kol. se zabyvali ve svych vyzkumeclazitbu pouziti IL jako
rozpoustdel. Jako medium bylfgéan do reakce 1-butyl-3-methyl-4,5-dihydroimidaaot
hexafluorofosforénan. Redn®tem jeho prace byla reakce esterifikace detlivat
karboxylovych kyselin siznymi alkylhalidy za velmi mirnych reakich podminek (60—
90°C) v roztoku IL a na strérdruhé s velmi vysokym wyEkem okolo 99%. Vyhodou je, Ze

je mozné IL recyklovat a znovu pouZit. (41)

Hlavni pozadavky na IL jakoZto mozna rozpe@d# jsou nizk& toxicita, vysoka
chemickda stabilita, termostabilita, dle@vost, recyklovatelnost, vysoka solvatakapacita,
nemisitelnost s ostatnimi organickymi rozpedBt. Mezi negasgji pouzivané IL pai 1,3-
dialkylimidazolium-chloridy (55), 1-alkyl-3-methyhidazolium-tetrafluoroboritany (56) a 1-
butyl-3-methyl-4,5-dihydroimidazolium-hexafluorofosecnany. (41)

5.2.2 IL jako katalyzatory

Prakticky nejvice &nny zpisob pouZiti IL je kombinace jak katalytickych, tak
solvat&gnich &inkid. Pokud zamna rozpou&tdla vede krychlejsi reakci, pak nové
rozpoustdlo mize byt vnimano jako katalyzator,tbgespecificky. Mnohdy je ILipravena

tzv. ,na miru“ reakce, kdy obsahujéidny ion, ktery je vyuzivan jako katalyzator reakce

Z&kladni iontovou kapalinou s katalytickymiidky je 1-butyl-3-methylimidazolium-
hydroxid, ktery @inné¢ katalyzuje Knoevenagelovu kondenzadiznych alifatickych a
aromatickych aldehyida ketori s aktivnimi ethylovymi skupinamiippokojové teplot bez
poZadavk na jakékoliv organické rozpodgto. (57) Dalsim moznym katalyzatorem je 1-
butyl-3-methylimidazolium-hexafluorofosfatean. (58)
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Mezi dalSi zajimavé fiklady katalytického &inku IL muze patit syntéza tributyl-
citratu publikovana X.U. Junmingem. Vysledky ukdzde kyselé iontové kapaliny vykazuji
dobrou katalytickou vlastnost a ILike byt také opakov@npouzZitelnd (az 13x). K této

reakci byl vyuZzitl-methyl-3-(3-sulfopropyl)imidazolium-hydrogensirg69)

5.2.3 IL jakoZzto prekurzory karbenovych ligand a

Jako karben se oztige organickd molekula, ktera ma ve své striektatom uhliku
obklopen Sesti valeémimi elektrony. Zpravidla jde o uhlik dvouvaznyekt tak nese navic
volny elektronovy par. Kombinace elektronové negaspsti a fitomnost nevazebného
paru je dvodem velmi zajimavych chemickych vlastnosti. Hiekovy deficit karbeny
saturujifadou elektrofilnich reakci, zejména adicemi na bagsovazby. Na druhou stranu,
volny elektronovy par slouZzi jako donor elektion fack komplexi s prechodnymi kovy.
Zivotnost karbeh je pomérné kratka a diky karbenovému uhliku je reaktivitschito

slowenin velmi vysoka. (60)

N-Heterocyklické karbeny (NHC) jsou zvlastni podskap karbeh, kde se
karbenovy uhlik nachazi v heterocyklu, zpravidla zmelvéma heteroatomy. Mezi
nejstudovadjSi NHC pati latky odvozené od imidazoliovych soli. NHC jgoak pouzitelné
jako katalyzatory nebo jako ligandyi pyntéze komplexnich sléanin s pechodnymi kovy.
Komplexy s Ag a Au zajiStuji inhibicitstu bakteriiB. subtilis and E. coli, komplexy
s palladiem vykazuji cytotoxickodi antitumorovou aktivitu a komplexy s Ni maji vytizi
jako imunotolerantni agenty. Samotné NHC byly ckemézovany pomoci GC-MS a pogd
pomoci ESI-MS. (61) (62)

Yuri E. Corilo ve své praci popisuje tvorbu a cldeaizaci prvnich a stabilnich
karberi ze skupiny NHC. Imidazoliové ionty jsou v roztokwstabilizovany
intermolekularnimi interakcemi s rozpotédiem na bazi methanolu a protiionty vyitva
velkou supramolekularnitsiktera se do jisté miry zachovava prevodu do plynné fazetip
meteni ESI-MS analyzy. V ramci takto do plynné fazevedenych agregatse mohou
vyskytnout i molekuly kde dosSlo k eliminaci protorzupozice 2, tedy ke vzniku NHC.
Samotné NHC jsou nenabité tudiz nedetekovatelnéoppMS metod. V ramci agregatu s

nabitymicasticemi vSak mohou byt pomoci MS Hepo prokazany. (62)
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Obr. 24: Reakce vzniku NHC

Po objeveni schopnosti NHC koordinovaeghodné kovy se objevila v odbornych
publikacich zaplavailanki popisujicich pipravu komplex s NHC a jejich katalytické
vlastnosti. Tak najklad Herman zkoumal komplexy palladia (II) s bedenovymi
komplexy, u kterych zjistil, Ze jsowimnymi katalyzatory fi Heckovych reakcich. Reakce
vzniku NHC je naObréazku 24. Stejné vyuziti zkoumal i Rouhi, ktery vSak jakatalni

atom v komplexech pouzil wolfram, molybden nebdemium. (63)

DalSi oblasti pouzitN-heterocyklickych karbans kovem je kosmeticky pmys| a
leka'stvi. Zde jsou centrem pozornosti vyzkumin#ejména antimykotické a antimikrobialni
Gcinky. Lansdown a Hugo se ve svych studiich &limna vlastnosti a moznosti pouziti
nanadstic stibra, zejména na jejichupobeni na bakteri&€scherichia coli Zmeény ve
struktue bakterii, jez byly vystavenyapobeniN-heterocyklickych karbans navazanym
sttibrem byly zkouméany pomoci TEM a X-ray. (64) (65)

Dale bylo zjis¢no, Ze N-heterocyklicky karbenovy komplex se zlatem vykazuj
pozitivni antimikrobialni dinky proti Bacillus subtilis (66) JinéN-heterocyklické karbeny
mohou tvdit komplexy s rutheniem a rhodiem, které prochazgjés sénu buiky
mikroorganismu a {sobi proti kmefim Enterococucus faecalisStaphylococus aureps
Escherichia colaPseudomonas aerugias®7) (68)

5.3 Metody pripravy iontovych kapalin

lontové kapaliny Ize ifjpravit pouzitim dvou dznych metod, jejichz spaleym krokem
je kvarternizace nukleofilniho atomu, &&$gji dusiku. Pokud je anion obsazeny v iontové
kapalire zarover dobrou odstupujici skupinodipukleofilnich substitucich (triflat, tosylat
apod.), vznika iontova kapalina v jednom kroku.ppc, Ze primarg vzniklé soli obsahuji

nekoordinujici anorganické aniony, je nutné poulibukrokové metody, kdy se nejprve
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provede kvarternizace alkylhalogenidem a v druhéokik zanéna halogenidoveého aniontu.
(45)

V principu lIze koncept ffipravy jednou nabitych imidazol®brazek 25 rozstit i na
latky se d¢ma @Obrazek 26) ¢i vice imidazoliovymi jadry. Toto roz&ni vSak
negedstavuje, krom nutnosti zvolit vhodné gadi reaknich kroku, Zadné principialni
obtiZze pi syntéze(69) (70)

=

Obr. 25:Jednou nabity imidazoliovy kation

S

@/\N\/_\/N @/\N@

X = Br :[2] [Br,
PFG- :[2] [PFgl,

X = Br :[1] [Br,
PF, : [1 [PFl,

Obr. 26: Dvakrat nabita imidazoliovai

Priprava IL s jednim gic¢etnym heterocyklickym kruhem a &wa tiznymi substituenty
v polohéch 1 a 3 je obvykle dvou krokova. Prvnimokem vyroby je navazani R substituentu
na dusik do polohy 1 (nukleofilni substituce) atgm krokem jsou reakce, jeZz vazou R

skupinu do polohy 3 (kvarternizace).

5.3.1 Manipulace s anionty IL

Velicecasté jsou reakce ILfipkterych dochazi k manipulaci s aniony. Lze jediz
do dvou hlavnich oblasti. Prvni z nich je prostan#tya aniont, zatimco druhy proces
zahrnuje vznik IL s halogenidovym protionem za ptuZzewisovy kyseliny. Diky volb
vhodnych smssi rozpousidel je, zejména prvnim #pobem, mozno ffpravit velmi ¢isté
finalni IL. VSe zavisi na tom, zda je IL s danymaaem v reaknim prostedi rozpustné&i

nikoli.
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5.3.1.1 Anion vym¢nné reakce

Cilem vyneny anionti je nejen formace nekontaminovanydhistych IL, ale také
moznost ovlivini fyzikalné-chemickych charakteristik vysledné IL. Do reakatupuji
halogenidy kowu, amoniové soli nebo volné kyseliny a iontova kapalpoZzadovaného
kationu jako nafiklad imidazolium. Fkladem takovych fiprav mohou byt prace K.
Hofmanna a kol. z roku 1956Gipadré P. Bonhoteo a kol. z roku 1996. Jednalo se o eeakc
dialkylimidazolium-halogenidu s tetrafluoroboritame sodnym v acetonu. DalSi postup
piipravy tetrafluoroboritain popsal J. Fuller a kol. v roce 1997, kdyZz vychazel

z dialkylimidazolium-chloridu a tetrafluoroboritarmmonného. (71) (72) (73)

0. Kysilka a  kol. publikovali vroce 2009  vymnou reakci
bis(polyfluoralkyl)imidazolium-trifiaé s tiznymi amonnymi solemi (NHPF;, NH;BF,)
nebo lithnou soli (LINT{) ve sngsi vody a acetonu. Timto épobem pipravili autdi velmi

Cisté IL, picemz nedochazelo ke &pé zangné anionti. (74) (39)

5.3.1.2 Acido-bazickeé reakce pomaoci Lewisovy kyseliny

Formace IL je zfisobena reakci halogeriidmidazoliovych katiofi s Lewisovou
kyselinou v fiznych pongrech. V pipac stechiometrie 1:1 dojde kreakci AJXs
halogenidovym aniontem za vzniku komplexniho aniaetrahalogenohlinitanového. Kdyz
se nastavi &Si pebytek Lewisovy kyseliny, dochazi k formovani véadgrnych
komplexnich aniorit Nejéastji se jako Lewisovy kyseliny pouzivaji Algl BCls,CuCl,
SnCh. Reakce jsou zpravidla exotermnfikfady €chto reakci jsou uvedeny r@brazku
27.(75) (76) (77) (78) (79)

[EMIM][AIC,]

[EMIM]*CI - + AIC,

[EMIM]*ALCI]-

[EMIMJ*[AICL,]- + AICI,

[EMIM]*[ALCL]- + AICI, [EMIM]*[AI,Cl ]

Obr. 27: Acidobazické reakce v pem 1:1, 1:2 a v trojnasobném ebytku Lewisovy

kyseliny (EMIM — ethylmethylimidazoliovy kation)
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5.3.2 Kvarterniza éni reakce

Formace Kkatiorit IL muze byt uskut&néna protonaci volnou kyselinou nebo
kvarternizaci amif ¢i fosfini s halogenalkany. Ke kvarternizdam reakcim mohou byt
pouzity chloralkany, bromalkany i jodalkany, jakgiedpokladano pro nukleofilni substituci,
nikoli vSak fluoralkany. Kvarternizai reakce jsou v principu velmi jednoduché. Amithme
1-alkylimidazol je smichan s poZzadovanym halogearadkn, ktery ma byt navazan na volny
atom dusiku a tato sf® je michana a z&kana obvykle v rozmezi 25-80°C. Doba reakce je
zavisla na pouzitém halogenalkanu, jodalkany jsejvice reaktivni, naopak chloralkany
reaguji nejméd ochotrgé. Také bylo zji&no, Ze s délkodetézce reaktivita halogenalkanu
klesa. VTabulce 1jsou uvedeny podminky reakce pro srovnani reaitiiznych haloge.
(80) (81)

Tab.1: Reaktivita halogeha reak'ni casy

Halogen alkany Reakni teplota [°C] Reakeni ¢as [den]

chloralkany 80 2-3
bromalkany 60 1
jodalkany* 23 <<1

*reakni nadoba musi byt chréma fed Fimym swtlem.

Kvarternizaci je nutné provéd v inertni atmosfie bul’ za pouziti dusiku, nebo
argonu, nebo kvarterni soli jsou zpravidla velmi hygroskopick&vnim krokem reakce je
navazani alkanu na dusik vimidazolu. Pokud je ppubBalogenalkan ve skupenstvi

kapalném, neni pi#ba do reakcerlavat rozpougtdlo. (80) (81)

Pokud halogenalkan neni kapalinou ani za deakeploty, jsou nejpouZivajsimi
rozpoustdly dimethylformamid (82), ethyl-acetat (83), tdtydrofuran (84), toluen(85),
chloroform (86) ¢i acetonitril (87). Vzniklé kvarterni soli mohou tby reakni snesi
rozpustné a pak jsou po skemi reakce vysrazeny sniZzenim polarity pgext Jsou
publikovany i reakce, ndfklad v tetrahydrofuranui toluenu, kdy vznikajici IL rovnou
vypadava z reaki snesi (pochopiteld pouze tehdy, je-li teplota tani IL vySSi nez draik
teplota). Nkdy se vyuziva kifipraw kvarternich soli také ultrazvuk (88) nebbspbeni
mikrovin. (81)
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6 IMIDAZOL JAKO SOU CAST STRUKTURY POLYMER U

Na rozdil od konvetich polymei s jednotkami vazanymi kovalentnimi vazbami,
jsou supramolekularni polymery konstruovany obvykpeostednictvim nevazebnych
interakci monomeér nebo jinych komponetaitza vzniku rozsahlych agregatMonomery
jsou vzajemi nekovalentty vazany pomoci vodikovych vazeb, hydrofobniho efektn
interakci, elektrostatickych interakci apod. (8%0)( Derivaty imidazolu, respektive
imidazolia, byly popsany jako se&ést struktury jak kovalentnich polynier tak
supramolekularnich systém

6.1.1 Imidazolia vazana kovalentré

Tyto latky vykazuji unikatni fyzikalni vlastnosfgako jsou vysoka vodivost, tepelna,
chemickd a elektrochemicka stabilita (jsou stabilad 5V), které je @dukuji k vyuziti
v elektrotechnickém g@myslu. Mohou byt vyuzity jako nové a bezpé elektrolyty pro
elektrochemické membrany kondenzétorlithiové baterie, palivové ¢lanky nebo
elektromechanické transdird zaizeni pro pohony a senzory. O pouZziti v praxi rahe
také struktura iontovych polymier neboli polymerované iontové kapaliny. Staticka
dielektricka konstanta se zvySuje s molekularnijemiem IL a totéZ plati o polymerované
IL. Schéma fpravy takového polymerniho materialu je znazom na Obrazku 28.
Z vhodre alkylovaného imidazolu sefipravi kvarterni 8l s karboxylatovou funkci. ktera se
posléze derivatizuje zbytkem Kkyseliny akrylovée. &ibdvany polymer pak vznika

radikalovou polymeraci dvojnych vazeb akrylatu.)(91
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Obr. 28:Syntéza methakrylatovych monorhea bazi imidazolu, monomery (2a-2c),

imidazolia vazana kovalentni vazbou (3a-3c). AIBR,2-azobis(isobutyronitril)

Obdobré pripravili Liu a kolektiv polyelektrolyticky gel na &zi 1-ethyl-3-(2-
methacryloyloxyethyl)imidazolium-jodidu. Vznikly pgnethylmethakrylat byl smisen s
vhodnym zntkcovadlem, 3 a polyakrylonitrilem, coz vedlo ke vzniku gelu eniovou

vodivosti. (92)

6.1.2 Supramolekularni polymery

Jak jiz bylo zmigno vySe, zakladni charakteristikou supramolekutdrmpiolymet je

spojovani monomernich jednotek prestictvim slabych interakci. U samotného imidazolu

byly popsany nadmolekularni Gtvary, ve kterych jgaanotlivé molekuly imidazolu pojeny

dotetza prostednictvim vodikovych vazeb, jak je ukdzanoOtaazku 29.

Zajimaveé

struktury

vznikajici

samoskladnymi

procesy dendritickych

imidazoliovych soli popsali ve své praci Imam adkiv. (93) V zavislosti na povaze

struktury dendritu, kationickéasti a protiiontu se tyto latky formuji do suprastallarnich

sloupdi, nebo kulovitych utvdr. Tyto formace obsahujici nano-sloupce nebo &éstae

ovalného tvaru, jez jsou navazany okolo inigido jddra a tvid tak 2D hexagonalni

strukturu nebo 3D

kubickou strukturu. Vel

ikost apr® dendrii, které vznikly

samoshlukovanim do kubické struktury, se pohybdj8®do 60..
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Jiny zajimavy piklad vyuziti imidazolia ke konstrukci supramole&uiiho polymeru
popsali Xia a kolektiv. (94) Tito autioptipravili imidazolem monosubstituovany kavitand
pillar[5]aren. Tato molekula pak v zavislosti na pikluduje klad® nabity imidazoliovy
kation do dutiny pillararenu.iPnizkych koncentracich dochazi k intramolekuldankluzi
imidazolia vazaného flexibilnim uhlovodikovym raneem, zatimco § zvySeni koncentrace

dochazi k inkluzi intermolekularni a ke vzniku léraich polymernich struktur. (95)

Rl Rl 1
A /< AN /< LHL /<
N N 7N 3
\N, \N, \N,,
\ \ \
R R R
3 3 3

R, R, R,

R,, R,, = alkyl, aryl

Obr.29: Polyimidazolia vazana mezi sebou vodikovymi vamba
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7 HOSTITELSKE MOLEKULY

V dalSich kapitolach budesmovana pozornost dmna zakladnim tyfpm hostitelskych
molekul (kavitand) pro supramolekularni polymery — tedy cyklodexinn a

cucurbit[n]urilam.

7.1 Cucurbit[n]urily

Organické slogeniny cucurbit[n]urily, zkraceh jen CBn, kden=5-8 a 10, jsou
syntetické makrocykly soudkovitého tvaru, kteréathgin jednotek glykolurilu, spojenych
navzjem dvojicemi methylenovychustka. V molekulach CBn je mozné rozlisit vimi
nepolarni kavitu uzaenou d¥ma symetricky ekvivalentnimi portaly. Tyto portdjsou
lemovany karbonylovymi skupinami a jsou hydrofilf@6) (97) (98) (99) Struktura a
geometrické parametry jsou uvedenyabulce 2

7.1.1 Syntéza CB

Priprava cistych cucurbit[n]urit neni nikterak jednoduch&. Nicm&nsamotné
chemické reakce obvyklého postupu iegstavuji zasadni probléem. Jednd se o
dvoukrokovou syntézu, kdy néjde je nutné vyrobit glykoluril reakci ndoviny s
vhodnou 1,2-dikarboxylovou sléaninou a poté je téen CB kondenzmi reakci glykolurilu
s formaldehydem v sith kyselém prosedi, @i teplo€ okolo 110°C, vizObrazek 30
Majoritni komponentou surového produktu je cyklicklexamer. Zastoupeni vy3Sich
oligomef Ize pozitivie ovlivnit nagiklad snizenim reaki teploty nebo pouzitim kyseliny
chlorovodikové namisto kyseliny sirové. Zasadnbfgnm ovSem spiva v nezbytné izolaci
jednotlivych oligomeit ze suroveé reaki snesi. K prvotni gedseparaci se vyuziva faktu, ze
oligomery s lichym p&tem jednotek jsodast&ne rozpustné ve vag zatimco oligomery se
sudym pdétem jednotek jsou ve vedprakticky nerozpustné. DalSi separace se dnadi
provadi na zakladrizné rozpustnosti ve ssnych rozpougtlech nebo nayji selektivnim
srazenim vhodnym ligandem. (17) (100) (101) (1a®3j (104) (105) Tyto operace jsou
vSak velmi zdlouhavé a obvykle jsou doprovazenkymi ztratami materialu v mataych
roztocich.

35



Diserta&ni prace JarmilaCernochova, 2015

0
H )J\ H
I I
H H

0 0
* A i A
HN™ NH )J\ N N
> { - > H H — H H
J ’ iy NH H,SO, N

+ (0] ©)
H H

N N
H/\H/\H

o

Obr.30Q Syntéza glykolurilu a cucurbit[6]urilu

7.1.2 Vlastnosti CB

Objemy kavit jednotlivych CBn jsou v rozmezi 82—8&0 zatimco pimér kavity
roste s rostoucimnm, vySka makrocyklu, tedy vzdalenost poitade nemini (geometrické
parametry viZTabulka 2). Diky vysoké variabil& rozmeru kavity jsou CBn schopny tvid
inkluzni komplexy s Sirokou Skalou biologicky zagaych, protinadorovychinidel, peptid:
¢i neurotransmitér. Vzhledem k povaze molekul CBn je hydrofolidist molekuly hosta
zpravidla, umotuje-li to jeho velikost, vazana uvhikavity. Tato vazba je nespecifické
povahy a jaizena termodynamickou vyhodnosti nahrady molekdiywo hydrofobni kavit
(hydrofobni efekt). Portaly pak mohouigpét k vazl hosta interakci s kladnnabitymi
sastmi molekuly. Je znamo, Ze portaly vaZou katikowa jako je napiklad N&, K*, C£* a
jiné. (102) (106)

Tab. 2: Geometrické paramery cucurbitufi{107) (108)

0
CB[n): n=5,6,7,8
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Typ CB CB5 CB6 CB7 CB8
Patet jednotek 5 6 7 8
Molarni hmotnost [g-mc‘ﬂ] 830,68 996,82 1162,96 1329,1
VySka molekuly [nm] 0,91 0,91 0,91 0,91
Vnéjsi pramér [nm] 1,31 1,44 1,60 1,75
Vnitini pramér [nm] 0,44 0,58 0,73 0,88
Pramér portalu [nm] 0,24 0,39 0,54 0,69
Objem kavity [nn] 0,082 0,164 0,279 0,479
AE [kJ-mol] (relativné k CB6) 21,19 0 4,77 24,53

7.1.3 Stabilita komplexa CB

Cucurbiturily vytv&i jedny z nejstabilgjSich syntetickych host-hostitel komptex

Navazéani do kavity zavisi na povaze obowasfrénych molekul, na néboji, na tvaru

molekul, na substituentech a r@¥njsou dilezité nekovalentni elektrostatické vazby a

hydrofobni efekty. Hydrofobni dinky se projevuji fi tvorbé komplexa ve vodnych

roztocich. (109) Interakce vhodného hosta s nepbl&avitou CB7 Ize kvantifikovat

hodnotou asocimi konstanty K ~ 1DM™. Vhodnymi hosty pro CB7 jsou z tohoto Ghlu

pohledu objemné uhlovodikové zbytky jako je fikklpd adamantan (103), diamantan (110),

bicyklooktan nebo ferrocen (111), které t#npresré vypliuji prostor v kavié CB7. Miru

stabilizace kationtu jednim portalem Ize odvodit bddnot asocimich konstant pro
zaruisens externi komplexy a to ¥&du cca 18*M™ (103) (112) (113) (114) (115)&hled
vazebnych konstanKf, M™'] mezi hostitelem (CB7, CB8) diznymi hosty (vizObrazek

31) jsou uvedeny Tabulce 3
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NMe,| NH,+
NH_+
Fe
R

3 R = NH,CI 2R=H 1 R =NHCI
6 R = NMe,| 4 R = CH,NMe,| 11R = NMe,| 5-(Ch),
NH,+ NH,+ X
| pZ
: NG
d (NH2+
SiMe,
NH,+
7-(Ch) 8- (CI), 9-(Ch), 10.Br-

Obr.31: Chemické struktury CBn @&znych hostujicich molekul

Tab.3:Vazebné konstanty komple@B a hostujicich moleky{115)

Host Vazebna konstanta komplex [K 5, M™]
CB7 CB8

1 (4.23 £1.00)x1&° (8.19 +1.75)x19®
2 (3.310.62)x18 (3.12 +0.80)x1d
3 (1.3%0.3)x106' (8.3 +2.3)x1&"

4 (1.9 +0.4)x18°

5 (2.9 +0.6)x18°

6  (1.90.4)x16° (2.0 £0.6)x1¢&

7  (2.500.39)x1H (4.33 +1.11)x18
8 (1.84 +0.34)x10

9  (8.7+1.8)x18

10 (1.98 +0.42)x1¥ (2.00 +0.512)x1D
11 (1.71 £0.40)x1¥ (9.70 +2.48)x18

7.1.4 Pouziti CB

Rozpustnost ve vade dileZita vlastnost pro vyuZiti zejména CB7 a jehdvdit ve
farmaceutickém mmyslu jako nosie nerozpustnych &évych latek. Albendazol¢i
camptothecin slouzici jako protinadorovéiv@ skupiny chinolinovych alkaloid jsou lépe
rozpustna ve vadpii navazani na CB7 nez CB7 s methylovymi skuping@¥) Dale byla

popsana fiprava novych nano Ag agre@atkteré jsou zvlast atraktivni, nebt vykazuji
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antibakterialni, protizaslivé ¢i antivirové vlastnosti a jsou vybornéi tojeni ran. (106) Je
vS8ak nutno podotknout, Ze masivni aplikaci CBnradtrani ponirné nesnadna dostupnost
dostateng ¢istych oligomet, relativré nizka rozpustnost nemodifikovanych CBn ve vodném
prostedi a zatim nezndmé w®wby pipravy selektivdh modifikovanych, pipadré
imobilizovanych CBn. Nadruhou stranu bylo potvrzetie CB6 je v metabolizmu velmi
stabilni a vylduje se por&rné rychle z ¢la v nezndnéné podob. Navic nebyla dosud
prokazéna cytotoxicita ani organova toxicita Za@n2lCBn. Bez notné davky odvahy se da
predjimat, ze po \gSeni preparativnich obtizi a zejména poeSgni otazky selektivni
modifikace CBn nastane obrovsky rozmach aplik&échto molekul v cel&ad odwtvi

nevyjimaje farmacii, elektrotechnikii potravin&stvi. (116)

7.2 Cyklodextriny

Jedné se o skupinu struktérpiibuznych pirodnich produkt, které se tvii nag. pri
bakterialnim traveni celulézy nebo SkrolBacillus maceransB. stearothermophilysB.
circulans Klebsiella pneumonigél. oxytoca Micrococcus lutes, Thermoanaerobacterium
thermosulfurigenes(117) (118), gipadre Ize tato latky vyrobit synteticky. Jsou to cykléeck
oligosacharidy, sloZzenéa-D-glukopyranozovych jednotek spojenych glykosidigk/azbou
a(1—4). V chemii se diky velikosti kavity vyuziva k tvartinkluznich komple zpravidla
jen a, B, y cyklodextrin, které osahuji 6, 7 a 8 jednotek @ujselativi¢ snadno dostupneé
z fermentanich médii uvedenych mikroorganigmbDalSi zvySovani padu jednotek sice
vytvéii hostitelské molekuly s potenciélzajimavymi objemy vnitich kavit, nicméé tyto
latky jsou velmi konformeéné flexibilni a zpravidla tvé rizné deformované az spiralovit

statené struktury bez moznosti inkluz&t$ich molekul. (119)

7.2.1 Vlastnosti CD

Stejre jako CB také BZzné CD maji tvar duté nadoby, spiSe kuzelu, s &awtvnit.
Oproti CBn v3ak hydrofilni portaly CD nejsou synigty ekvivalentni. Sirsi portal je
lemovan sekundarnimi OH skupinami v pozicich 2 aatimco uzsi portal lemuji priméarni
OH skupiny v polohach 6. Viiiti sény nepolarni kavity jsou tweny etherovymi kysliky
glykosidovych nistka a vodikovymi atomy v polohach 3 a 5. (120) Geoioleér parametry

tii nejvyznamujSich cyklodextriti jsou uvedeny Tabulce 4
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Tab. 4:Vlastnosti cyklodextrin(121) (122) (123)

Vlastnosti CD Typ CD
o p Y
Molekulova hmotnost [g/f 973 1135 1297
Patet glukosovych jednotek 6 7 8
VySka molekuly, [nm] 0,78 0,78 0,78
Vnégjsi prameér, strana sekundarnich hydrogy[nm] 1,37 1,53 1,69
Vnittni pamér, strana sekundarnich hydroéy[nm] 0,57 0,78 0,95
VnéjSi pamer, strana primarnich hydroxil [nm] 1,32 1,49 1,61
Vnittni pramér, strana primarnich hydroxl [nm] 0,45 0,61 0,77
Objem kavity, [nr] 0,174 0,262 0,427
Specificky objem kavit, [ml-d] 0,10 0,14 0,20
Rozpustnost ve véd25 °C, [g-(100 cmj] 14,5 1,85 8,19

7.2.2 Syntéza CD

Vyroba CD zahrnuje uUpravutipodnich polysacharid pomoci enzyr. Cyklické
oligosacharidy CD se ziskavaji enzymatickou degriad&krobu Obrazek 32
V pramyslovém ngtitku jsou pak jednotlivé oligomery srdZeny z vodmébztoku pomoci
selektivnich komplexmich ¢inidel, suSeny a expedovany zpravidla v padokilné
hydratovanych bezbarvych krystalickych prask) B-CD je obsah vody v komé&mim
produktu zpravidla okolo 13 %. Vodu lze odstrasutenim ve vakuuipmirné zvySené
teplog€ (cca 50 °C). (121)

OH
CGTase(Bacillus macerans) s Q
amylaza HO
OH 0 n
n = 6-100

Obr.32: Syntéza cyklodextrinu
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7.2.3 Stabilita komplexa s CD

V obecné rovid je nutno poznamenat, zZe struktura CD neobsahuj@ziy
polarizované skupiny (jako karbonylové portaly urGR stabilizace inkluznich komphkese
tak dtje ténei vyhradré prostednictvi hydrofobniho efektu a van der Waalsovyletinyech
interakci (vodikova vazba hraje ve vodnych roztocdanedbatelnou roli, nicmé&rv mére
polarnich aprotickych prastdich jeji pispivek ke stabilizaci komplek maze rist). Neni
proto divu, Ze konstanty stability cyklodextrinofwkomplexi nedosahuji hodnot obvyklych
pro cucurbiturily a obvykle se ve vodném presi pohybuji do 10dn-mol. Rsticlenny
imidazoliovy kruh velmi snadno vytiiakomplex sa-CD, ochotgji nez sp-CD. V piipack,
Ze je na imidazolu navazan substituent nebo doinkkupiny dochézi ke zvySedéii snizeni
afinity vaci cyklodextrinu. Konstanta stability se ra¥h meni v zavislosti na pH sési.

K porovnani vazebnych konstantibe slouzitTabulka 5. (124)

Tab. 5:Logaritmické hodnoty konstant stability kom@l€&D a hostujicich molekul.

Host (v H,0) log K
a-CD B-CD

1-adamantankarboxylat (pH 8.5) 2.15+0.04 4.51+0.03
1-adamantylammonium 2.43+0.01 5.04
1-adamantyltrimethylammonium (pH 8.6) n/a 3.5820.
di-2-(1-adamantyl)ethylhydrogenfosfat (pH 7.0) an/ 5.35+0.09
3-noradamantankarboxylat (pH 8.5) n/a 3.7
1-benzylimidazol (pH 10.0) 1.78+0.03 2.61+0.01
1-butylimidazol (pH 10.0) 2.24+0.01 2.19+0.02
imidazol (pH 9.5;0.5 M NaOAc) 1.23+0.02 0.41+0.05
imidazol (pH 9.5) 1.1540.02 0.28+0.12
1-fenylimidazol (pH 10.0) 1.57+0.12 1.40+0.19

7.2.4 Pouziti CD

Stejré jako CB se i CD pouziva ve farmaceutickénirpyslu z divodu zlepSeni
rozpustnosti a biodostupnosti aktivnich latek. Dal@éza uplaténi v potravinégském
pramyslu k vyrol& stabilizatofi nebo v kosmetice, kde zajife postupné uvabvani vani, a

také v nanotechnologii. Zajimavou aplikaci z patméiské oblasti, ktera ilustruje princip
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vyuziti cyklodextririi, je maskovani h&é chuti extraktu z pomer&ovych pecek. Rozdrcené
pecky se mohou vylouhovat déa¥y pri nespravném technologickém postupu &haochu’
pak zcela znehodnoti produkt. Latky, které jsotta chw’ zodpowdné, vSak tvii inkluzni
komplexy sB-CD a nejsou pak jiz senzoricky aktivni. (125) (L2627) Nespornou vyhodou
cyklodextrini oproti CBn je snadna dostupnost selektj\in zcela modifikovanych derivat
Jsou znamy methylované, acetylované, benzoylovarjiéa derivaty. VySSi reaktivity
primarnich hydroxyl se vyuziva k monofunkcionalizaci CD a Kk jejich lbouani na
polymerni nosie. Diky tomu byla vypracovangda aplikaci v oblasti ndsi aktivnich
substanci ve farmacii, formulace lékovych for&nv oblasti chromatografickych material
Cyklodextriny hraji dnes nezastupitelnou roli vadil @ipravy materialu pro
chromatografické separace enantioime(128) Nejznar§si schvalené komplexy CD

s I&ivy, které se vyuZivaji v |€katvi, jsou uvedeny Vabulce 6 (129)

Tab 6: Komeené vyuzivané komplexy v lékavi

Trivialni ndzev Komenéni nazev Typ CD
aéinné latky leciva
Alprostadil Prostavastin o
Nikotin Nicorette B
Tiaprofenic acid Surgamyl B
Diclofenac sodium Voltaren 2-hydroxypropyl-
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8 CILE DISERTA CNi PRACE

Cile disertani prace jsou shrnuty do nasledujicichidood

- Provést reSerSi v odborné litersgua na jejim zaklad navrhnout racionalni postup
pripravy cilovych latek; déle provést zakladni reSem$amych supramolekularnich
komplexi cucurbit[n]urili (CBn) a cyklodextrith (CD).

- Na zaklad reSerSe fipravit 2 fady organickych latek, jednou a také dvakrat nahity
imidazoliovych a benzimidazoliovych soli s vheédnastavenou polaritou a délkou
molekuly

- Studium tvorby inkluznich kompléxéchto latek sikznymi CD a CB

- Charakterizace vSech vyrobenych latek a jejich aupiekularnich kompleéx pomoci
vhodnych instrumentalnich metod, zejména ESI-MSRNKBC-MS, IR, EA, ITC.

- Na zaklad dostupnych literarnich zdrojpavrhnout komponenty molekularni stavebnice
pro konstrukci supramolekularnich polyraerpotenciélni aplikaci v medigin

- Namgfend data a vysledky ziskané po dolkidecko-vyzkumnéginnosti zpracovat a
publikovat v mezinarodnicbasopisech a prezentovat v podgiakatovych séleni na

ceskych a zahragmich wdeckych konferencich.
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8.1 Metodologie

8.2 Vychozi latky a reakéni ¢inidla

Jako zékladni vychozi latka vSech syntéz &aoin obsahujicich adamantanovy skelet
byla pouZzita kome&n¢ dostupnad adamantan-1-karboxylova kyselina. Dayghezi latky,
reakéni cinidla a rozpougdla byly ziskany z koménich zdroji v p.a. nebo p.s. kvalita
byly pouzity bez dalSiha@isténi ¢i Uprav. V gipac potreby byla rozpoustla suSena

standardnimi postupy.

8.3 Charakterizace pripravenych latek

K rutinni identifikaci a charakterizaci poZzadovahymeziproduki a finalnich latek
byly vyuZivany metody GC-MS, poipact ESI-MS, IR, TLC a niteni bodu tani. VSechny
nove latky byly déle identifikovany pomoci metod RMa EA. V gipadech usfgného
vypéstovani vhodnych monokrystabyly tyto analyzovany pomoci difrakce Rontgenova
zaeni. Supramolekularni interakce byly studovanyataku pomoci NMR a ITC, v plynné

fazi pak pomoci ESI-MS. Zakladni analyzy a poupiiétrojové vybaveni je popsano nize.

- Infra ¢ervena spektroskopie FTIR — analyzy vyrobenych latek byly proviy na
spektrofotometru typu Mattson 3000 FT-IR a vzookly méreny v podob KBr diski.

- Nuklearni magnetick& resonance NMR- 'H a »*C spektra byla #fena na Hstroji
Bruker Avance llI, pipadré Ascend, s pracovnimi frekvencemi piid 300, 500 nebo
700 MHz a kalibrovana na signdly pouzitych rozpédet

- Hmotnostni spektrometrie ESI MS— spektra byla ziskana naigiroji amazon X ion-
trap mass spectrometer of firmy Bruker Daltoni@gpickd koncentrace vzoikgistych
latek byla 500 ng-ciml ve snési rozpoudtdel methanol:voda (1:1, v:v), rychlost
davkovani do iontového zdroje bylamin™.

- Isotermalni titra ¢ni kalorimetrie ITC — analyzy byly provathy na gistroji MicroCal
VP-ITC, ziskana data byla vyhodnocena pomoci pragri#licroCal Origin.

- Difrak ¢ni analyza XRD - k uceni molekularni strukturyftjpravenych latek byl pouzit
difraktometr Oxford Diffraction Xcalibur Sapphire2.
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9 KOMENTA RE A SOUHRN VYSLEDK U

Z&kladnim cilem syntetické&sti prace bylaifprava série latek vhodnych pro konstrukci
supramolekularnich systénmakovych, obsahujicich jedno neboidddamantanova vazebna
mista spojend polarni spojkou. Adamantan byl zvatedivodu zndmé tvorby vysoce
stabilnich supramolekularnich kompiexs 3-cyklodextrinem a s cucurbit[7]urilem. Jako
polarni spojka byly vi{edkEznych experimentech vyzkouseny linearni polyolée®zce ¢i
kyselina vinna, nicmén jako nejlépe synteticky s@tind cesta se ukézalo vyuziti
imidazoliovych katiofi. Navrzeny synteticky postup zobrazuje Schéma iddroliové soli
navic nemusi v cilovych sléeninach slouzit pouze jako polarést zvySujici rozpustnost
ve vodném progedi, nybrz mohou vykazovat katalytické funkceéippdré byt vyuzity
k ptipraw N-heterocyklickych karben koordinujicich ionty kow. Z divodu absence
jakychkoliv poznatlt stran supramolekularniho chovani imidazoliovych sabstituovanych
adamantylovym zbytkem v dostupné odborné litémthyla gipravena série latek nesoucich
pouze jedno adamantanové vazebné misto na imidsgaii skeletu a bylo studovano
supramolekularni chovanéadhto latek ve s&sich s cyklodextriny a cucurbit[n]urily (viz

PUBLIKACE 1).

Ad=COOH —= A" SoH — ad Br — Ad 74\N — Ad =\ ®

0,1 \X:R'*X 01
SN 2% &Y
o e Ad
" g ¥ QKQ\)V AN R’N/\‘ ot
g SAd R=alyl R=alyl A@vﬂ,A@A

Schéma 1 Navrh postupueSeni zadani prace

Poté bylo pistoupeno k fipraw série latek se dwma adamantanovymi vazebnymi misty.
Béhem analyz sisi €chto latek s CB7 pomoci ESI-MS se ukazalo, Ze sirakhostujicich
molekul vyraz® ovliviuje vazebné moznosti s CB7 a to se projevilo zdsadwzdily ve
fragmentaci hostujicich molekul. ProtoZze v obldstiotnostni spektrometrie se usilévn
patra po moznostech popisu vazebnych irgxpramolekularnich agregabylo rozhodnuto
tuto ¢ast vyzkumu publikovat se zg&menim vyhrads na popis unikatniho chovani host-

hostitelskych komplekv plynné fazi (viz BBLIKACE ).
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Molekularni struktura cel&ady gipravenych intermediat a cilovych latek byla
v pribéhu feSeni zadani disettai prace popsana pomoci difrakce Rontgenovaniana
monokrystalu gislusné latky. Tam kde to bylo smysluplné, bylyotgnalyzy publikovany
separata v odborné krystalograficke literaei(RUBLIKACE 1ll, PUBLIKACE 1V).

Cislovani latek koresponduje s originalnéislovanim v jednotlivych publikacich. Jsou
tedy pouZzity nesouvisejicigkryvajici setiselnérady v kazdém nasledujicim komeinta

VSechny publikace zahrnuté do této disarfaprace jsou doprovazeny dapjicimi
materialy v souhrnném rozsahu 156 stran. Z pragtickdivodi nejsou tyto dopgiujici
materialy zahrnuty do ti&é verze disertai prace, ale je mozné je nalézt nidogeném
CD.

KOMENTAR K PUBLIKACI |

Cooperative Binding of Cucurbit[n]urils and B-Cyclodextrin to Ditopic

Imidazolium-Based Ligands

Petra Branna, JarmilGernochova, Michal Rouchal, Petr Kulhanek, MartiroBaky, Radek
Marek, Marek Néas, Ivo Kititka and Robert Vicha

pripravené pro zaslani do redakce Journal of Ameri€Caremical Society.

DOI:

Imidazoliové a benzimidazoliové soli popsané v iwmmilanku obsahuji jedno
heteroaromatické jadro a jedno vazebné misto adamarého typu vdzané na atom dusiku
(benz)imidazoliového kationtu. Druhy atom dusiku gebstituovan dsma iznymi
alkylovymi retezci, pricemz v gipadt butylu zde vznik4 dalSi vazebné misto preferované
hostitelskymi molekulami s mensim vmitm pimérem kavity. Pokud je druhy atom dusiku
substituovan methylem, ktery neumiaie vazbu hostitelskych molekul, obsahuje struktura
pouze jedno vazebné misto, a to adamantanovéha (Bmnz)imidazoliové soli byly
piipraveny se iemi riznymi anionty (Br, I” a MsO) Obrazek 33 Tyto soli se liSily
teplotami tani a rozpustnostmi ve vodném et Pro supramolekularni studie byly
vybrany pouze &které soli, vliv anionu na supramolekularni chovaebyl gedmétem
studie. VSechny ifpravené latky byly charakterizovany pomoci spdkifch metod NMR,
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MS a IR, spektra novych latek lze nalézt v doprovod materidlu k BBLIKACI | na
prilozeném CD.

Dale byla studovana schopnostiippavenych (benz)imidazoliovych soli b
supramolekularni komplexyECD, CB7 a CB6 (Obr. 33) Jako priedi byla pouzit&ista
nepufrovana voda, wipad CB6, ktery neni v samotné vddiostaténé rozpustny, byly
experimenty provashy v50 mM roztoku NaCl. Geometrie a ¥kterych gipadech
stechiometrie kompléx byla studovana pomoctH NMR a ROESY experimet
Stechiometrie a termodynamické parametry komple{dy stanovovany pomoci isotermalni
titracni kalorimetrie. Vznik komplek piredpokladaného slozeni byl dale potvrzen metodou
ESI-MS. Nekteré hypotézy stran geometrie a vazebnych scheéipmastujicich molekul byly
podpdeny vyp&etnimi metodami &etné molekulové dynamiky. Z hlediska

komplikovanosti systétnbyly studovany d¥rady komplex, binéarni a ternarni.

Qo HY
N)LN
H
P B
N N
i n
Q
CB7 (n=7)
CB6 (n=6) p-CD
o £
NN R
A \_____/N guest m R X
1 0 Me [
0 2 0 Bu Brl MsO
1-4 3 1 Me |
® Xe 4 1 Bu Br |, MsO
N7 R 5 0 Me |
”"@ 6 0 Bu Br I MsO
fo) 7 1 Bu_ Br | MsO

5-7
Obr.33: Struktura imidazoliovych a benzimidazoliovych adtiostitelskych molekul

diskutovanych v BBLIKACI I.
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Binarni systémy

Jedné se o inkluzni komplexy temé jednim kladhnabitym ligandem umighym uvnit
kavity hostitelské molekuly,iemz molarni porr host:hostitel je zpravidla 1:1. Kdeni
polohy hostitelské molekuly vzhledem k molekulethf@si byly vyuZity znalosti o posunech
'H signah v NMR. Je znamo, Ze vodiky umisé v kavit CD jsou odstiené (vy33i3),
zatimco vodiky v kavét CBn jsou sili zastigné (nizsid). Takto bylo zjis¢no, ze CB7 §-
CD preferuje adamantanové vazebné misto, zatimc® §&Bprimarsé vaZze na butylove
vazebné misto. Velikosti inter&kich konstant pro jednotlivé hostitelské molekubyssin
li8i v zAvislosti na strukte host. Zatimco kationty2 a6 se vazi na CB7 K~10°-102 M,
kationty4 a7 se vazi podstaérmérs pevre sK~10° M™%, Velikost interakni konstanty CB6
na butylovém mist(K~10> M™) ap-CD na mist adamantanovénkKE10° M) na struktiie

kationtu v podst&tnezavisi.

V pripac latek4'Br- a 7'Br~ a CB7) se nam potil prokazat jak pomoci NMR tak
ITC ve vodném roztoku existenci binarnich sysiténpon®ru 1:2 ve prosgch CB7. Toto
pozorovani jednoziaé potvrzuje schopnost hostujicich molekul tohotoutyzat d¥
molekuly vhodného CBn. Vzhledem k povaze vazby @Brkation hostujici molekuly, tedy
kombinace hydrofobniho efektu s ion-dipolovou iatei, je mozné soudit, Ze zatimco na
butylovéem vazebném miéstse vaze CBn pomoci obou zmigch interakci, na
adamantanovém mésise uplaiuje pouze hydrofobni efekt. Nebyly totiz dosud pops
pripady, kdy by jedno kationtové vazebné misto vadstomolekuly CBn.

Ternarni systémy

Pri studiu ternarnich systénjsme potvrdili, Ze hostujici kation¥ a6 nejsou schopny
vazat vice nez jednu molekulu CBn. Ni&fad je-li butylové vazebné misto primérn
obsazeno CB6 dojde pdigani CB7 do roztoku k navazani CB7 na adamantantgé za
sowasného vysreni CB6, coz je v souladu s hodnotami asétieh konstant. Naproti tomu
kationty 4 a 7 jsou schopny vazat na adamantanovém émB7 a sotasre CB6 na
butylovém vazebném méstK nejzajima¥jSim vysledkm jsme dosgi pii kombinaci CBn

aB-CD. VSechny testované ligandy jsou schopnyasi vazat na butylovém misCB6 a
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na adamantanovém misf3-CD. Z hodnot AG jednotlivych vazebnych procesize
odhadnout, Ze tyto ternarni agregaty jsou stabifing interakcemi mezi portaly CBnfa
CD. V pripact vytvoreni komplexu kationtwt a CB7 (obsazuje prim&nadamantanové
vazebné misto) a naslednéhaidpgni B-CD jsme pozorovali vysreni CB7 [3-
cyklodextrinem, pestoze individualni afinita adamantanového mista gvaiady vyssi ve
prosgch CB7! Energetickd ztrata na adamantanovém vamebn@st se nicméd

kompenzuje naslednou vazbou CB7 na misto butylové.

Na pikladu kationtu4, CB7 ap-CD jsme tedy demonstrovali komplexni reorganizaci
supramolekularniho agregatu,figgmz ve vysledném komplexu obsazuji hostitelské

molekuly primarg nepreferované pozice.

KOMENTAR K PuBLIKACI I

Determination of Intrinsic Binding Modes by Mass Sgctrometry:
Gas-Phase Behavior of Adamantylated BisimidazoliunGuests Complexed

to Cucurbiturils

JarmilaCernochova, Petra Branna, Michal Rouchal, Petr Kudkalvo Kuitka, and Robert
Vicha

Chem. Eur. J2012,18, 13633-13637

DOI: 10.1002/chem.201201444

V ¢lanku ozndeném jako BBLIKACE Il je popsano chovani soli na bazi bisimidazolia a

bisbenzimidazolia (BIM) s variabilni délkou a stégimi naroky spojovaciharetézce

v plynné fazi. Struktury zkoumanych BIM jsou zoleay naObrazek 34 Bylo prokadzano
pomoci NMR a ITC, Ze tyto soli jsou schopny ve v@anprostedi vazat nezavisle dv
molekuly CB7 na terminalnich adamantanovych vazebmjistech (Tyto vysledky nejsou
do publikace zahrnuty). Krognspojovacicasti mezi déma imidazoliovymi kationty se
molekuly gipravenych latek liSily fitomnosti sterické zabrany, pomys kolmém sniru

na podélnou osu molekuly. Nejnéhranici kation pedstavovala imidazoliovaik nejvice

branici pak byl2-methylbenzimidazoliovy kation. u#tura hostujici molekuly pak
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umoziovala ¢i zabraiovala volnému pohybu hostitelské molekuly CB7 veirsnpodélné

osy molekuly hostujici. Toto se projeviliznym mechanizmem rozpadu hostujici molekuly

za podminek CID (kolizi indukovana disociace) vtavé pasti.

R’ R’

1a-e R2 n
A a AdCH, H 0
o N"N\{ gt b AdCH, Me 0
R 'NyN ¢ AdCH, Ph 0
R2 -n dBn H 0
28r e ACH, H 1
2a-e jz
RN R @\W
" —
n
A -
R 2 Br
L X
N"NTNT N
em—te 1
N_ _N._N__N
i T s
o] o]
CB7 Me,CB6
a (portal diameter) 8.50 A 6.87 A
b (height) 6.25 A 6.25 A
Exact mass 1162 1080

Obr.34: Struktura bisimidazoliovych soli a cucurbituripouzitych v BBLIKACI 11

V podstat je mozZné rozliSit i pripady supramolekularnino chovani a tomu

odpovidajiciho fragmentaiho obrazu:

1)

2)

3)

CB7 je vazany na konec molekuly BIM a niéra terminalni pozici opustit pohybem
smérem K pro¢jSimu terminalnimu mistu (neitbe se posunout po molekule BIM).
Typickymi priklady jsou BIM1c, 2c. V MS spektru se to projevi pozorovanim rozpadu
BIM?* na d& kladrs nabitécastice AACH' (m/z 149) a zbytek BIM Tento rozpad je

v souladu s &ekavanou elektrostatickou repulzi dvou kladmabitych center v jedné
molekule.

CB7 mize volre klouzat po BIM skeletu. Typickétiklady takovych BIM jsowla, 1e

2b, nebo2e Moznost pohybu CB7 po molekule BIM se projevibstzaci dikationtu
fragmentu [BIM-148]" a od&penim neutrdiniho 1-adamantylkarbenu (nebo
pravdEpodobrji jeho tricyklického isomeru).

CB7 mize sklouznout smem k imidazoliové jednotce BIM, ale né#e snadno (pokud

vabec) dospt k protilehlému terminalnimu adamantanovému vaéehn mistu. V
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takovych pipadech byly pozorovany produkty z obou fragmenta¢z 149 i 148.
Ptikladem je BIMlanebolb

Zasadnim fnosem této prace je tedy demonstrace moZznosti itvyadzbor
fragment&nich drah hostujici molekuly v supramolekularninregdtu k popisu tznych
vazebnych uspgadani.

Jeden z mnoha fragméntktery byl rozbitim komplek pomoci CID ESI-MS detekovan,
je fragment m/z 1161. Tatsstice je vyjiména tim, Ze se s najisi prava@podobnosti jedna
o CB7 po odtrzeni H tedy [CB7-H]" kation Obrazek 35 Muzeme spekulovat, Ze tento ion
vznika transferem hydridoveho iontu z neutralni GBadlekuly na benzimidazolylmethylovy
kation. Tato hypotéza byla podgma molekulovym modelovanim a navrzeny proces &e zd
byt schidny jak z geometrického, tak z energetického hkedi©becnym inosem tohoto
pozorovani je prokazani schopnosti CB7 fungova fakdridovy donor v plynné fazi. Tato

dosud neznama schopnost CB#zen otevit novou cestu k syntézadm novych denv@B.

1614 [CB7+1317
[CB7-HT 12035
N SAd [CB7+AdCH,T
| 13115
+ N CB7+M-AdCH, T
Ad _Nx [ 15596 ]

II'IIIIIII"I'I'I'I'I'I'I'I'I
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 mz

Obr.35: Hmotnostni spektra M$nolekuly m/z 1559, schématické znazoimavrhu tvorby

[CB7-H7]" a optimalizované modely &tivych struktur
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KOMENTAR K PuBLIKACI 11

1-(1-Adamantylmethyl)-1H-benzimidazole
JarmilaCernochova, Marek Nas, Ivo Kuitka, and Robert Vicha
Acta Cryst.(2011). E67, 02906

ISSN 1600-5368

Prvni ¢lanek, publikovany v Acta Crystallographica E, g&ét popisu krystalové
struktury latky 1-(1-adamantylmethylHtbenzimidazolu (Obr. 36)Analyzovana molekula
byla pgipravena jako zakladni stavebni jednotka benzinalilazych hostujicich molekul
popsanych v BsLIKACI | a Il. Asymetricka jednotka obsahuje dva krysgaédicky nezavislé
konformery nepatmh se lisici geometrickymi parametry. Uhly v adamaoteé ¢asti se
pohybuji v rozmezi 110,55(10)°-108,27(9)°. Benzieuiol je prakticky planarni s maximalni
odchylkou od roviny 0,0134(15) A pro C2 a 0,0229)(& pro C21. Torzni Ghly C7—N1—
C8—C9 a N1—C8—C9—C16 popisujici vzdjemnou orientarizimidazolu a adamantanu
maji hodnoty 95,31(15)° a -179,38(10)°. Odpovidajibly u druhého konfomeru jsou
-92,89(15)° a -177,52(10)°. Us@mlani molekul v krystalu je stabilizovano slabymi
interakcemi typu C—H---N. Zakladni krystalografictata jsou uvedena habulce 7 a
dophujici informace jsou uvedeny v publikaci Acta Cry&011). E67, 02906. CIF je mozno
nalézt na filozeném CD.
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Obr.36: ORTEP diagram 1-(1-adamantylmethyl)-1H-benzimidazol
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KOMENTAR K PUBLIKACI IV

1-(Bromomethyl)adamantane

JarmilaCernochova, Andre@ablova, Michal Rouchal, Marek Nas and Robert Vicha
Acta Cryst.(2011). E67, 01820

ISSN 1600-5368

Titulni latka, 1-(brommethyl)adamantan (Obr. 3&)alpipravena jako vychozi surovina
pro alkyla&ni reakce vedouci kimidazoliovym solim popisovanyrRUBLIKACI | a Il.
PrestoZe se jednd o znamou latku pouzivanou v chadaimantanovych deriviat nebyla
dosud publikovana krystalova struktura. Pggpatobnym dvodem je tvorba krystal
v podol& tenkych platk, zcela nevhodnych k difréki analyze. Nam se pagla pripravit
vhodné monokrystaly pro difraki analyzu pomalym odpavanim snisi rozpoustdel
DMF, PE a EA za pokojové teploty. Vatem uhly C—C—C v adamantanové kleci se
pohybuji v rozmezi 108,35(6)-110,27(12)°. Molekwaakladni stavebni jednotce lezi
v krystalografické rovittac a ma tedy krystalograficky vnucenou rovinu syneetiiabulka
7 obsahuje krystalograficka data a dapici informace jsou publikovany ¥cta Cryst.
(2011). E67, 01820. CIF je mozno nalézt hitopeném CD
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Obr.37:ORTEP diagram 1-(brommethyl)adamantanu.
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a 1-(bromomethyl)adamantanu.

Tab7:Krystalograficka data struktur 1-(1-adamantylme)knyH-benzo[d]imidazolu

Krystalograficka data PuBLIKACE lI PUBLIKACE IV
Sumarni vzorec £eH2oNo CiiH17Br
Molekulova hmotnost 266,38 229,16
Krystalografickd soustava monoklinicka monoklinicka
Prostorova grupa R C2/m
Z 8 4
a[A] 22,0249 (9) 10,7250 (3)
b [A] 6,4628 (1) 7,0066 (3)
c[A] 22,2739 (8) 13,4479 (4)
a[°] 90 90
B1°] 118,694(5) 101,801 (3)
y [°] 90 90
Reflexe

celkem 32353 5102

nezavislé 4899 951

S intenzitou 1=2l) 3314 900
WR(F?) 0,064 0,048
Apmax [e-A7] 0,15 0,28
Apmin [e-A7 -0,16 -0,29
F (000) 1152 472
i [mm ] 0,08 4,10
T (K) 120 120

56



Disertani prace JarmilaCernochova, 2015

10 ZAV ERECNE SHRNUTI

10.1 Hlavni zavéry prace a prinosy pro Wdu a spol€enskou praxi
Predlozena prace figpiva kroz&eni obecného poznani v oblasti syntézy latek
s potencidlni aplikaci ve farmacii a dalSich obbrec
1. Priprava dvou sérii novych hostujicich molekul nai lidiazoliovych soli.
2. Podrobny popis supramolekularniho chovani s vybranycyklodextriny a
cucurbit[n]urily v roztoku a v plynné fazi.
3. Demonstrace moznosti vyuzit rozdily ve fragménieh drahdch hostujicich molekul
k popisu strukturnich paramétkomplex.
4. Demonstrace komplexniho chovani a kooperace his&fitsh molekul na Udrovni
nizkomolekularnich syntetickych receptd3-CD a CB7) a syntetickych hostujicich

molekul.

10.2 Perspektiva dalSiho vyzkumu

Vysledky prezentované v této praciepstavuji prvotni studie provedené na Ustavu
chemie Fakulty technologické UTB ve 4Aliw oblasti supramolekularni chemietigtavne
latky mohou déle slouzit jako z&kladni prvky ,sthm&Ee” supramolekularnich polymeviz
Obr. 38) nebo jako suparmolekularnfasiadla pro polymery modifikované hostitelskymi
molekulami. DalSi moznosti vyuziti ziskanych pdkage konstrukce supramolekularnich
systént reagujicich na WjSi podréty jako napiklad pH, teplota nebo koncentrace
piidatnych latek. Pro tyto ¢ély budou pipravovany dalSi série hostujicich molekul
s odliSnymi strukturnimi parametry. Jinou oblastia kterou se budetreba v blizké
budoucnosti zastit, je owieni biologické aktivity pouzivanych hostujicich elall, kterd
ukaZe, zda je mozno vyuzit imidazolioveé soli v neaaikych aplikacich.

g % C > ©-©-0
Obr.38 Schematické znazafmi vzniku supramolekularniho polymeru.
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Seznam zkratek

d chemicky posun
BIM bis(benz)imidazolium
CBn Cucurcucurbit[n]uril(y)
CD cyklodextrin (pipadré ,kompaktni disk")
CEITEC MU Central European Institute of Technolddgsaryk University
CIF crystallography information file
DMF N,N-dimethylformamid
EA elementéarni analyza
EA ethyl-acetéat
EMIM 1-ethyl-3-methylimidazolium
ESI-MS electrospray ionization mass spektrometry
GC-MS plynova spektrometrie s hmotnostni detekci
IL iontové kapaliny
IR infracervend (spektroskopie)
ITC izotermicka titrani kalorimetrie
Ms mesylat (CHSO,—)
NHC N-heterocyklicky karben
NMR nuklearni magneticka resonance
ORTEP Oak Ridge Thermal Ellipsoid Plot
(zpasob zobrazovani vysledidifrakéni analyzy monokrystéa)
p.a. pro analyzu
Ph fenyl
PE petrolether (40-60°C)
p.s. pro syntézu
RTG Rontgenovo 2éni
TEM transmisni elektronovy mikroskop
Tf triflat (CRSO—)
Ts tosylat (4-MePhS£H-)
TLC chromatografie na tenké vrstv
XRD difrakce Rontgenova géni
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Abstract

The imidazolium-based ligands containing two distibinding epitopes are capable of
binding B-cyclodextrin and cucurbit[6/7]uril (CB) simultanggly to form ternary 1:1:1
inclusion complexes. In the final arrangement, ¢heitands occupy binding sites disfavored
in binary complexes as a result of chemically-iretlbceorganization of intermediate 1:1
aggregate. In addition, our ligands are able td bivo CB to form either binary 1:2 or ternary
1:1:1 aggregates despite consisting of a singierdgatmoiety. Whereas the adamantane site
binds CB solely by hydrophobic interactions, thenptex of CB unit at the butyl site is

stabilized by a combination of hydrophobic and @pele interactions.

Introduction

Biomimetic systems are a subject of intensive nefgasince they can serve either as a
model systems for more complex interactions indgadal chemistry, or as components for
the construction of molecular devices. In this serthe molecules with multiple binding
epitopes play very important role. Considering llest-guest systems as the most frequently
employed approach, both hosts and guests can lmddgo contain multiple binding motifs.
However, the augmentation of host binding abilgyimited either to an extension of single-

site host’s interior to bind more than one gliestlinking twd® or moré cavity motifs by



suitable covalent bridges. Although the latter apph led to impressive demonstrations of
macroscopic recognition based on host-guest irtierat, all of the host sites in such systems
are essentially mutually independent. The only hegh cooperating cavities has been
reported by Isaacs and co-worKefBhis intriguing member of cucurbituril familpsCB10,
contains two distinct interior binding sites withione cavity and exhibits homotropic
allosterism due to its ability to accommodate taeity shape for the first bound guest. On the
other hand, the guest molecules can be designemhtain an essentially unlimited number of
binding site8 and subsequent binding of host molecules at adjapesitions can be
influenced via host-host attractiver repulsivé interaction or guest preorganizatioAmong
other hosts, the cucurbit[n]urtfs(CBn) and cyclodextrirts (CD) have attracted extraordinary
attention of scientists. Since the macrocyclesest liknown members of cyclodextrin family
(a-, B- andy-cyclodextrins) consist of 6, 7, and 8 D-glucopyrsa units linked via(1—4)
glycosidic bonds, they are fully biocompatible ahdve seen several applications in
pharmacy, food industry, cosmetic and wrapping niteduring past decad&sDue to the
presence of non-polar interior cavity and hydraphilydroxylated rims, CDs bind neutral
guests forming water soluble inclusion complexesirta up to micromolar dissociation
constants® Cucurbit[n]urils, macrocyclic oligomers of glycaiuunits doubly linked by
methylene bridges, were re-discovered for modemmistry by Mock* and Kint®, who
repeated the original procedure developed by Beffen isolate CB6 and prepare higher
homologues witm>6. These rigid molecules with barrel-like shapgdrbphobic cavity and
two symmetry-equivalent rims lined by carbonyl gveuare ideally disposed to form
inclusion complexes with non-polar cationic guestsld together by simultaneous
hydrophobic and ion-dipole interactions. In patécy the dicationic guests derived from
ferrocené’ or cage hydrocarbons, e.g. adamarifardéamantan® or bicyclo[2.2.2]octang,
have been described to form ultra-stable aggregatesSCB7 having association constants up
to 10" m™* exceeding the binding strength of the well-knowridia-biotin pair. This
outstanding selectivity allowed the design of nodermodynamically or kinetically driven
self-sorting systems in which the guests with rplgtibinding epitopes played the crucial
role. In complex mixtures consisting of CB an@-CD hosts and ditopic
adamantyl(alkyDammonium guests, the pH-responsgl-sorting aggregation processes
have been described by Issacs and co-wotkeFae same group has reported an interesting
dynamic behavior of a system comprising CB6, CBd teans-cyclohexane-1,4-diammonium
and adamantanealkyl ammonium guests. The formest gunel CB6 formed an extraordinarily
stable assembly with the half-life of 26 years, vélas the adamantane-based guests displayed



very high affinity towards CB7 Consequently, Kaifer and co-workers have descrifred
adamantane-ferrocene ditopic ligand that formedh WiB7 two distinct inclusion complexes
which evolved towards thermodynamically preferrethraantane-bound adduct within ten
hours?® In addition to the most frequently used alkylaminam and pyridinium cations,
dialkylimidazolium salts have deservedly attradfesl attention of supramolecular chenfists
due to their catalytic capacffy biological activity® or as a source of thi-heterocyclic
carbene ligands.

Since we were intrigued by the supramolecular ptagseof adamantane derivatives, we
decided to combine this hydrocarbon scaffold with imidazolium cation in order to prepare
a new family of high-affinity guests for CBs and €DTo our best knowledge, the
investigation of host-guest behavior of imidazolibased ligands with CBs and/or CDs has

not been published so far.
2. Results and discussion

Synthesis of Guests 1-7The adamantylated imidazolium/benzimidazoliumtssd7
(Figure 1) were prepared via two step procedureleggscted in Scheme S1. Initially, the
corresponding adamantyl-bearing bromides were ddeatith imidazole or benzimidazole
under base conditions to perforNi-alkylation with typical yields of 45-95%. The &h
quarternization was carried out in neat alkylhalaebutyl mesylate. Whereas oily products
had to be purified by column chromatography, saeladts were precipitated from reaction
mixture by diethyl ether or THF and used withouttlier purification. The solid-state
structure of2'1” and 2'MsO  was determinedsia X-ray diffraction analysis (for further
details, see Supporting Information). Since theared (benz)imidazolium salts were rather
hygroscopic, the samples for characterization dsasedor further binding studies were dried
in vacuum at 50-60 °C to constant weight and stareder inert atmosphere. Further
synthetic details can be found in Supporting Infation. Since the adamantylated
imidazolium salts are of general interest, we prega set of salts with various counterions in
order to reveal their physical properties (see Supp@ Information). Nevertheless, for
further binding studies, we chose a limited, butucurally representative, series of

imidazolium salt considering the required solupilit water environment.
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Figure 1. Structures of the guests and hosts used in thik.wo

Binary Systems with-CD
Initially, we investigated the binding behavior gifestsl—7 with CB6, CB7 an@-CD using

'H NMR spectroscopy. It is well established that guest protons included inside the CBs
cavity are shielded (upfield shift), whereas thetpns located outside the cavity, close to its
portal, are deshielded (downfield shift)°® In contrast, the interior op-CD cavity has
generally only a weak deshielding effect on theapsalated guest protons, as has been
demonstrated for various adamantane ligaA@&2’ Accordingly, this technique is obviously
useful for the determination of the predominandbig site for the host-guest interaction. All
of the examined gueftCD systems follow the fast exchange regime onNNHR timescale
and thus only one set of signals was observeddh g@ation. The maximum complexation-
induced downfield shift of about 0.22 ppm for adataae bridgehead H-atoms, observed for
all examined ligand4—7, unambiguously implies th@-CD bind the adamantane moiety to
form inclusion complexes. The 1:1 stoichiometrytliése complexes was estimated'bly
NMR titrations as demonstrated for ligarid® and4 in Fig. S54. Further evidence indicating
the inclusion of adamantane moiety in the CD cawitys obtained using 2D ROESY
experiments. We clearly observed interactions betwthe H-atoms of the adamantane
scaffold and the inner cyclodextrin H-atoms at poss 3 and 5. An example of such
interactions observed in the ROESY spectrum oindixture of gues® with 3-CD is given in
Fig. S54. The formation of 1:1 complexes was furttddenced by isothermal calorimetric
titrations (ITC). In addition, the values of thetaibed binding constants in order of*200°



M~! (see Table 1, entries 1-8) are typical for cyckide inclusion aggregates with
adamantane-based ligands in water solutforiéote that the binding strength is essentially
unaffected by replacing imidazolium by much morerisaly hindering benzimidazolium.
This B-CD binding versatility with average®imia/Kpimigc=1.05 strongly contrasts with the
results obtained for a thousand times more sekec@iB7 (see below). Considering the
similarity between the cavity dimensions of CB7 gD, we attribute the binding
properties of3-CD to its higher flexibility allowing effective @aommodation of both cationic
structural motifs tested. On the other hand, fh€D displayed noticeably higher affinity
toward ligandst and7, in which the methylene bridge between the adaamentage and the
heterocyclic cation was replaced by a longer caylb@mzyl moiety.

Binary systems with CB6 and CB7
Contrary to3-CD, CB6 and CB7 bind the ligands7 in the slow exchange regime and two
sets of'H NMR signals were observed for free and complegeests, respectively. Due to
different cavity diametef3 of CB6 and CB7, the CB7 can independently compéexmth
adamantyl and butyl moieties, whereas the bindinthe CB6 is limited to the linear butyl
chain. These expectations are in good agreemehtawit observations. The addition of CB7
into the solution of guestd or 5, with only adamantane binding site, led to sigaifit
shielding of adamantane protons indicated the ftiomaf /5@CB" aggregates as showed
in Fig. S56. (For clarity, the specific host pasitiwill be hereinafter indicated by “Ad” or
“Bu” upper-right index for the adamantyl or butyhding site, respectively.) On the contrary,
we did not observe any complexation induced sKif§] during the titrations of the ligands
and5 with CB6 in 50 nm NaCl water solution. The structure of ligarZland6 consists of
two different butyl and adamantyl binding sites essible to CB7. However, we observed
only shielding of adamantane protons (for dataiobthfor 2, see Supporting Information,
Table S2). Accordingly, we suppose that CB7 predamily binds adamantane inside its
cavity with the butyl chain protruding to the extal environment. Since CB6 has a narrower
cavity that cannot hold the bulky adamantane, tiverse geometry fa2/6-CB6 assemblies,
i.e. with the butyl residue included inside the CB#vity, was indicated by the strong
shielding of butyl protons (Fig. S57). Subsequently examined the complexation of ligands
1, 2, 5 and 6 with CB6 and CB7 in terms of titration calorimetty support the 1:1
stoichiometry of all complexes examined. The IT8utes are summarized in Table 1 (entries
9-21). We have observed surprisingly large vanmegtion the respective binding strength of

imidazolium and benzimidazolium salts with CB7, ahicontrasts with the similar stability



of complexes formed between these guestsfa@®d (see above) or CB6. For instance, the
association constant #@CB7 is 1CG times higher than that foB@CB7Y whereas
2@CB6™ has theK, only 7 times higher thaB@CBE&" (compare the respective entries 9/15
and 18/20 in Table 1). A similar disfavoring of zenidazolium cation was observed for pair
of 1@CB7"Y and 5@CB7" (Table 1, entries 13/17). Considering these obsiens we
attribute the differences in binding strengths he tnability of the rigid CB7 portal to
accommodate the benzimidazolium cation efficien8iyce the bulky adamantane cage
hinders the ligand shifting along the virtugl symmetryaxis of CB7. Note that distinct
binding modes were reported for the imidazoliuntssalibstituted with linear alkyl chains
with different lengths, with the aromatic moiety r®r less buried into the CB6 cavityAs
opposed to this flexible binding model, it is re@able to suppose that the importance of
particular positioning of the guest inside the GBity increases with its bulkiness.

Interesting results were obtained during the stidihe longer imidazolium sal&and7. In

the equimolar mixture of the respective guest aB¥,Ghe strong shielding of adamantyl
protons corresponding to the complexation of adaamencage inside the CB7 cavity, was
accompanied with weak but noticeable shielding watfybprotons as depicted in Fig. S58.
Observed CISs are summarized in Table S2. Theredbeawo reasonable explanations for
this observation. As it is discussed below in nae&ail, one molecule of guestsand7 can
bind two molecules of CB7 successively at the addame and the butyl binding site. Thus in
the equimolar mixture, both distinct binary compi:Je>(i.e.4/7@CB7“OI and4/7@CB7") can

be present in fast equilibrium resulting in an aged'H NMR spectrum. The second
possibility is that guest binds the CB7 selectivaythe adamantane site and the free part of
the long molecule is folded outside the cavity éaah an external shielding region. We
strongly favor the latter hypothesis consideringt tthe 4@CB7" is about of 14 kJ-mdl
more stable thad@CB7" and the corresponding equilibrium ratio is 994/ 30°C (Table

1, entry 11). In addition, very similar CISs weraserved in the case of ligaddand CB6
mixture. In this instance, the strong shieldingabfoutyl protons indicates the positioning of
the butyl chain inside the CB6 cavity. The smallekhng of adamantane protons can be
attributed to the folding of Ad cage back to thecroaycle exterior, since the adamantane
moiety is too bulky to fit inside the CB6. To clgrihis ambiguous situation, we calculated
the magnetic anisotropy of CBn using the methodpldgscribed in Section 5. The slices
through the spatial magnetic shielding grids coragutor CB6 and CB7 (see Fig SXX)
clearly show that apart from the expected stronglding inside the cavity, there is also a

weakly shielding region located outside the macttecyear its equatorial plane. Thus any



part of the guest located in this region will experience a weak {@.2 ppm) shielding of its
nuclei, which supports the hypothesis about thébalding of the guest onto the exterior
of CB7. This bent back-folding of ligardlin complex with CB7 was further supported by
theoretical calculations (Fig. XX). Additionally,eMmay attribute the slight increase in the
respective affinity of CB6 toward and7 in comparison witl2 and6 (Table 1, entries 18/19
and 20/21)to the non-specific interaction of folded ligand letule with the CB6 exterior.
However, a further significant shielding of butybfons was observed in the mixturedadnd
CB7 as the portion of CB7 exceeded 1:1 ratio. Tinggestion that this shielding can be
attributed to the formation of 1:2 aggregatgCB7'Y, CB7Y) was supported by ITC
measurements where two slopes were clearly obsendidating the presence of two distinct
binding sites with the respective association amtstin orders of ™ and 16 m™ (see
Table 1, entry 11 and Fig. 2). Considering NMR &R@ results, we attributed the stronger
binding event to the complexation of the adamansiteeand the weaker binding event to the
encapsulation of the butyl chain, since the laftgsociation constant is in good agreement
with that published for 1-butyl-3-methylimidazoliumith CB73° The contribution of other
binding modes (e.g. with phenyl ring positioneddeshe CB7 cavity) was excluded by using
model ligand3 which clearly displayed formation of the 1:1 compB@CB7* (Table 1,
entry 14). In strong contrast to thé and2/6 pairs of ligands with CB7, the binding strength
at adamantane site 47 pair is not influenced by the chemical naturehaf tation (see Table
1, entries 11/16) and the corresponding associabmstants match those reported by Isaacs
and co-workers for non-charged adamantane-baseisji@hus, we may conclude that the
ion-dipole interaction does not contribute sigrafdy to the binding of the CB7 to the
adamantane site df This observation is crucial for ability of theegis4 and7 to bind two
cucurbituril macrocycles at once. To the best of kmowledge, herein reported binary
4/7@(CB7Y, CB7?") and ternaryd/7@(CB7", CB6") aggregates are the first reported
complexes with two CB units compactly arranged adbone cationic moiety.

All of the discussed binary aggregates were dedeaseng ESI-MS techniques with the
exception of6@CB6. The ESI-MS spectra are given in Figures S204Sn Supporting

Information.
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Figure 3. 'H NMR spectra (700 MHz, 50 mM NaCl in,D, 303 K) of mixtures of with
CB7, 3-CD and/or CB6. The molar ratios of the mixture poments are given above each

line. The signal assignment is based on ROESY éxpets.

Once we had the data regarding the binary systerhands, we examined the ligands ability
to form ternary systems with two different cavitanth this stage of work, we focused on the
representative liganddand4. To examine the binding ability & the mixture containing

and CB6 in 1:1 molar ratio in 2.58MmNaCl in D,O was taken initially and studied by means
of 'H NMR titrations. In this solution, the predominatangement is 2@CB6™ inclusion
complex as discussed above, which is clearly seehe Fig 2 (lines 1-3). Further lines 4-6
in Fig. 2 show that the stepwise additionBe€D stock solution in 2.5 mn NaCl has a very
small effect on the positions of the butyl signalbereas the protons of the adamantane cage
experienced a significant deshielding. These olagems are consistent with the formation of
a ternary aggrega®@(CB6" 3-CD"?) whose geometry is schematically drawn in Fign2.
such a compact arrangement, the steric repulsitwelea proximate CD and CB units could
decrease the complex stability. Nevertheless, asd@monstrated using ITC, the ternary
complex can be further stabilized by the formataintransient O—H---O hydrogen bonds
between OH groups d8-CD and carbonyl oxygen atoms located at the CBapor his
additional stabilization energy of 3.12 kJ-iatan be calculated as the difference between
the Gibbs energy obtained fa@p-CD" formation and that foe@(B-CD"?, CB6*), see
Table 1, entry 1 and Table 2, entry 1. During ausiameous titration 02@CB6™ solution
with CB7, we observed a substantial shift of bathraantane and butyl resonances. Whereas
H-atoms of the adamantane cage were significantiyelded, the butyl protons were
deshielded (Fig. 2, lines 7 and 8). Since ther lisck of any attractive forces between two
CB units due to the strong electrostatic repuldetween the two portals and the binding
strength of CB7 at adamantane site is much highan tthat for CB6 at butyl site
(Kca/Keee=4.8-16), we may conclude that the CBBwvas ejected from its initial position by
CB7". In a separate experiment we titrated the equinmolgture of2 and CB7 (this solution
contains predominantly inclusion compl2B@CB7%, as discussed above) wighCD. As a
result we observed a marked deshielding of theopimidazole-H2, imidazole-H4, AdG

and NH,CHEt, whereas the imidazole proton H5 and N{GHt protons were shielded
(see Supporting Information, Table S2). This obaiown can be rationalized by the formation

of a ternary aggregat2@(CB7", B-CD®"). The association constant of 3.2 was



calculated from the NMR titration (Figure S61). Were not able to estimate the association
constant using ITC due to poor quality of data wia&d even after employing the highest
available concentrationgn summary, the gue& is capable of forming ternary aggregates
with one CB and on@-CD unit whereas a ternary complex consisting aj @B units was

not observed.
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Figure 4. *H NMR spectra (700 MHz, 50 mM NaCl in,D, 303 K) of mixtures o#f with
CB7, 3-CD and/or CB6. The molar ratios of the mixture paments are given above each

line. The signal assignment is based on ROESY éxrpets.

The examination of ternary systems with ligahwas started with an equimolar solutiordof
and CB7 where comple2@CB7'% predominated as discussed above (Fig. 2, line3. 1-3
Subsequent addition of CB6 led to a significanekling of the butyl protons, whereas the
positions of adamantane signals remained essgntiadiffected (Fig. 2, lines 7 and 8). Such
strong shielding of both adamantane and butyl moiadicates the formation of the ternary
aggregatel@(CB7, CB6"). As was discussed in the previous section, thdibg of CB7

at the adamantane site is driven predominantly fgrdphobic interaction, leaving the
butylimidazolium site free for the ion-dipole indéetion with CB6. Considering the energy
gains of4@CB6™ and4@(CB7'Y, CB6™) formation (Table 1, entry 19 and Table 2, enfxy 4
it can be clearly seen that the free energy of geahmary complex is of about 3 kJ-mol
higher than the value expected for a system cangisf two independent sites. This energy
difference can readily be attributed to the elestatic repulsion between the CB7 and CB6
portals. Finally, during the titration of t@CB7° complex withp-CD, we observed an

10



extensive deshielding of the adamantane protonpledwith simultaneous shielding of the
butyl chain (Fig. 2, lines 4-6). This observati@mde rationalized in the following terms. As
mentioned above, CB7 can bind both the butyl aedaiflamantyl moiety of. However, in
the aqueous solution of 0.25mMNaCl at 30°C, thd@CB7*% complex represents 99.6% of
population in the 1:1 mixture (Table 1, entry 1@)Cyclodextrin can also encapsulate both
adamantane cage and butyl chaid af a manner similar to CB7. Using titration caitoeitry,

we have determined the binding constant4andp-CD to be of 4.14-T0m™* in aqueous
solution of 0.25mn NaCl (Table 1, entry 4). Combined ITC and NMR del&arly evidenced
the strong preference towardi@B-CD"*® complex. While the formation ef@B-CD®"is also
possible, we can exclude such complex from furthesussion regarding the binding constant
not exceeding Tom™. Thus both3-CD and CB7 compete for the adamanatane bindirg sit
with the respective individual binding constants 4f14-16 m™ and 9.03-10 m™.
Surprisingly, the NMR data indicated the ejectidnC®87 from its preferred position at the
adamantane binding site. It is clear that the disgrinent of CB7 into bulk solution is unlikely
since such process is thermodynamically penalized~b6 kJ-mol'. CB7 can however
encapsulate the less preferred butyl chain witB% kJd-mol* gain in free energy. If we now
take this additional energy gain into account, va@ easily see that the overall process
leading to the formation of the predominant@(B-CD"?, CB?") aggregate is
thermodynamically allowed with the expected net femergy gain of ~19 kJ-mbl Note that
the experimental value of the overall energeticngabtained from direct titration of
4@CB7 with B-CD (Table 2, entry 3) is even larger by about #al'>. We can attribute
this additional stabilization of ternary complexthe attractive interaction between CB7 and
B-CD rimsvia O—H---O hydrogen bonds.

-
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Figure 5. Considered pathways towards the formation ternamptex 4@(CB7", B-
CD). The relative free energies associated with iddial steps were obtained from ITC

experiments performed in water at 303 K.

One final question remains about the mechanis#@@-CD*?, CB7#") formation. We
shall now discuss the two reasonable pathwaysajisdlin Fig. 5. The first one involves the
dissociation o4@CB7'? to free CB7 and guedt followed by sequential binding @CD
and CB7 at adamantane and butyl site, respectiVély.particular order of these two binding
events should be of low importance due to verylsimelative free energy ef@CB7?" and
4@B-CD™ formation. The key step of the second pathway istnsf the slippage of CB7
unit over the guest molecule towards the non-predebutyl site, which is accompanied by
the binding off-CD at adamantane site. Considering the energdterehce between the
states C and B, the-AC pathway is strongly disfavored as the concemtnatif C is much
lower than that of B. According to the Boltzmantdizution, the equilibrium population is
more than 99.9999 % of B at the expense of C. Rimnkinetic point of view, the most
important energetic barrier is associated withdliing of the adamantane cage through CB7
portal. Nevertheless, both pathways result in C&Temdering the adamantane binding site
by either leaving into the bulk or sliding towartise butyl binding site. Thus we may
conclude that the only significant difference bedawdhe pathways AC and A-B lies in
the energetic barrier arising from the steric hamte associated with the shuttling of CB7
over the guest molecule. However, we have demdedtiaeviously that such movement of
CB7 along the guest molecules bearing similar adéyteted bisimidazolium-based structure
is allowed in the gas phase, even when the catimaiety is derived from more sterically
hindering benzimidazolium cofé.In addition, we have prepared separately adamentan
terminated dumb-bell-like ligands based on imidaaol salts bearing an additional central
binding site forB-CD. Once both of the terminal adamantane site® wecupied by CB7
with Ko~10° M™%, the central site remained inaccessiblef6ED which was subsequently
added into solutior® This observation evidenced that the replaceme@B at adamantane
site byB-CD is very unlikely from thermodynamic point ofew. In addition, we employed a
molecular dynamic calculation to demonstrate tihat shuttling of CB7 unit between the
adamantane and butyl site #fs possible. The CB7 was initially equilibratedBat binding
site of the guest. After 450 ns the CB7 unit was moved to the cémiaat of4 where stayed
for further 50 ns. Then CB7 was quickly shiftedtbe Ad binding site to stay there for
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remaining 500 ns (for further details, see Suppgrthformation). Based on this evidence, we
can infer that the formation &f@(CB7",3-CD"?) from 4@CB7*® andB-CD is a result of
chemically-induced reorganization of the startiggr@gate (i.e. A>B—E) rather than a
sequence of binding and dissociation events (keCA~D/B—E).

The formation of all of the discussed ternary aggtes was confirmed in water solution
using ESI-MS techniques. In the case of ternaryesys containing3-CD, the corresponding
complexes were detected as adducts with sodiurorgatee. [ig-CB7p-CD-Naf*. On the
contrary, signals of protonated aggregaties ¢B7p-CD-H]** were observed in the spectra
of systems containing only CBs as a host moleciles.tentative assignment of these signals
was further supported by the analysis of tandemsnsagctra. As can be clearly seen in
Figure 6(b), the collision induced dissociatio] #{CB7p-CD-Naf" resulted into two pairs of
singly charged fragments, i.e3-CD-NaJ/[4-CB7] and B]*/[ CB7$-CD-NaJ. Since the
starting aggregate was doubly charged, such eatio-repulsion-driven cleavage is not
surprising. However, the formation of the latteirp@as unexpected considering respective
association constants. In addition, the loss ofraéf3-CD unit was observed which results in
the doubly charged aggregat# @B7-Naj*. On the other hand, in the case of protonated
aggregates, the sole fragment [CB7-CB6-Whs observed as depicted in Figure 6(d) for
[4-CB7-CB6-H{".
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Figure 6. Positive-ion mode ESI mass spectra (full scar}-6@B7(3-CD and4-CB7-CB6

in aqueous solution. a) First-order mass spectriith@B7B-CD, b) MS of m/z1348, c)
first-order mass spectrum dfCB7-CB5, d) MS of m/z 1268. The assignments for the
observed signals are shown in the brackets. Thgmieated ions in the tandem mass
spectra are marked with bold downward arrow.

Conclusion
We have prepared four members of a new guest fafily¢, 6 and7) with structures

combining the advantages of adamantane cage andazolium moiety. The
supramolecular behavior towards CB6, CB7 8~@dD has been studied with the aid of
additional model guest$, 3 and5. The combination of calorimetric titrations anid
NMR spectroscopy has revealed that, in water smiytboth3-CD and CB7 occupy
predominantly the adamantane binding sites with réspective association constants
within the range of 3.8-105.4.-16 M and 1.6-1$-3.7.16° m™. On the other hand, CB6
was shown to bind the butyl site with within the range of 4.2-161.4.16m™% In strong
contrast to the CB¥ and B-CD™, the binding strength of CBY was significantly
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decreased upon replacing the imidazolium ringganidsl, 2, 5 and6 (i.e. containing the
1l-adamantylmethyl moiety) by the benzimidazoliunrecoThese differences can be
attributed to both the inability of CB to accommtedanore bulky benzimidazolium
moiety compared t@-CD, and the requirement for the specific fixed ipos of the
adamantane cage inside CB7 cavity in contrastedothyl residue inside CB6 cavity. The
complete lack of CB7 selectivity toward guegtsand 7 implies that the binding of
adamantyl group inside the CB7 cavity is driven dprainantly by hydrophobic
interactions, whereas the contribution of ion-dgahteraction between imidazolium
cation and the CB7 portal plays marginal role,nf.aThus, the combination of mostly
hydrophobic binding at the adamantane site withntlbee electrostatically-driven binding
of the butyl chain in the guestsand 7 allowed us to prepare compact arrangements
consisting of two cucurbituril units surroundingngle imidazolium cation. Although the
binary complexest/7@(CB7"%, CB7") and 4@(CB7"%, CB6") were evidenced using
ITC and NMR, further calorimetric titrations havehosvn that such systems are
destabilized by about 3 kJ/mol with respect tovitdial binary complexes due to the
electrostatic repulsion between CB portals. Onativer hand, we were able to determine
additional energetic stabilization by -3.1, -1. " at7.2 kd/mol for complexe2@ (3-
cD™, cB6™), 4@@B-cD™, CcB6") and 4@B-CD*, CB7"). The overall strength of
proposed portal-portal O—H---O hydrogen bonds ispavable to that reported by
Rekharsky and co-workéfsfor CB6 anda/B-CD complexed with dihexylammonium
cation. The values of respective energies confitm expectations based on hosts and
guests geometries. Thus gustith shorter distance between the binding sitksal for
stronger interactions betweBrCD and CB6 compared to gudstin addition, CB7 which
has wider portal was shown to be more suitableirfteraction with3-CD in ternary
complex with4 than CB6. To our best knowledge, we report hetfenfirst determination
of repulsion energy between portals of two CB umitsch contributes negatively to the
overall stability of ternary complexes featuringsk macrocycles.

The most interesting result of this work is theacldemonstration of thermodynamically-
driven formation of ternary aggregate®(3-CD"?, CB7") featuring CB7 bound to
otherwise strongly disfavored butyl chaiKaf/Kg,=229.8 in aqueous 2.5 nmNaCl
solution). In addition, the formation &f@(B-CD", CB7") from 4@CB7" involves a
displacement of CBY by B-CD, which has a much lower affinity toward adanamet site
than CB7 Kcg7/Kg.cp=218.1 for Ad site in aqueous 2.5vnNaCl solution). However, the
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energy loss related to such displacement was cosapesh by a subsequent binding of
CB7 to the butyl chain leading to an overall engcggain of —26 kJ/mol and making the
formation of ternary complex thermodynamically fieés We have thus demonstrated
that the binding behavior of multitopic guests amplex mixtures is driven by the overall
energetic effect and does not always conform to ithi#al expectations based on
knowledge about the individual binary systems. Wlilis concept is commonly found in
many biological systems, we have presented heheirffitst example of such behavior in
assembly formed by low-molecular-weight synthetiegts with3-CD and CB7. The

results of our work also complement the work of kiual®* describing self-sorting of

CBS8,-CD and 1,6-dihydroxynaphtalene-adamantylated geoCT complex.
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4. Experimental section

Compoundsl-7 were prepared according to previously publishetho® as described in

details in Supporting Information. CB6, CB7 afdCD were purchased from commercial

sources (Strem, Sigmd}-CD was dried prior use under reduced pressur@°&@ & constant

weight. The concentrations of CB7 solutions wereigheined by ITC titrations with L-Phe as

a standard. NMR spectra were recorded on a 700 Bidker Ascend instrument equipped

with room temperature'fl, *°C, ®N) PATXI probe. 1D proton spectra were recorde8Gg
K using 7000 Hz spectral width and 3300 Hz trananibffset. Data were collected in 8-32

scans using 1.5s recycle delay and recording 1ékptex points per scan. The FIDs were

apodized by a square cosine window function, zélexlfto 32k complex points and Fourier

transformed to yield the resulting spectra. TheRDESY spectra were recorded using the

spectral width of 7000 Hz and transmitter offseD@3z in both dimensions and employing
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150-400 ms continuous wave spinlock during the ngxperiod. 2k complex points were
collected in the t2 dimension and a total of 512ndrements were recorded using 16-32
scans per increment and 1.5s recycle delay. Thededa were apodized by squared cosine
window function, zero filled to 4096 t2 and 2048pdints and Fourier transformed to yield
the resulting 2D spectra. The residual HDO signabath 1D and 2D ROESY experiments
was supressed by employing presaturation duringeitycle delay. The association constants
and thermodynamic parameters for the complexatiguestsl—7 with CB7, CB6 an3-CD
were determined by titration calorimetry using acidiCal VP-ITC instrument. A solution of
host in water or in 2.5 mM NaCl was placed in theple cell, to which a solution of ligand
was added in a series of 20-30 injections|{}0In the case of ternary systems, a solution of
equimolar mixture of ligand and host in the samgdd was titrated with solution of the
second host. The heat evolved was recorded at 30h& net heat effect was obtained by
subtracting of heat of ligand dilution from the oalé heat effect observed. The association
constants exceeding 10~ were determined by multistep competition methodiescribed

by Rekharskyet al'’® The 1,6-hexanediamine-2HCI (HMDA) witK;=1.05-10 m™?,
dopamine-HCI withK;=4.58-18 M andL-phenylalanine wittK,=9.86-16 m~* were used as

a competitors. The data were analyzed by the Miard@igin software. The complexation
enthalpies for multistep titration experiments weagculated as a sum of enthalpies for each
complexation step. The values Kfandn were determined in multiple measurements with
agreement within 5 %. Typical ITC thermograms sttewn in Figure 2 and Figures S66—90
in Supporting Information.

5. Computational details

The input coordinates @3-CD, CB6 and CB7 used for the computation of spatiagnetic
shielding were obtained from the available X-rayaures of these macrocycles. After the
addition of missing protons the structures werénuiged at PBE®/6-31G*® level of theory
using Gaussian 09.A2 software package. The resulting coordinates wegegl to compute
spatial magnetic shielding using the Nf€%pproach; first a three-dimensional grid of
pseudoatoms spaced 0.25 A apart was then genemapedd the macrocycle. Then the
magnetic shielding was evaluated at the positiomach pseudoatom using PBE0/6-311G**

level of theory. Program PyMORwas used for the visualization of the computea@.dat
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Table 1.Stoichiometry Parameten)( Association Constant&) and Standard Gibbs
Energy AG°) Obtained for binary systems by ITC Experimait803.15 K

K AG
entry guest host n - [kJ-morl™*
[m7] ]

1 2 B-cD* 112  4.00-1b -26.69
2 2 p-cD® 119  4.03-1b -26.71
3 4 B-CD* 098  4.60-10 -32.85
4 4 p-cD° 1.00  4.14-10 -32.58
5 1 B-cD* 090  6.51.10 -27.92
6 6 p-cD®* 093  3.79:1b -26.56
7 7 B-CcD* 095 53810 -33.24
8 5 B-cD® 092  521.10 -27.36
9 2 CB7® 0.84 1.4518 -70.54
10 2 CB7° 1.14 3.14-1(%9 -60.89
0.73 2271 -48.47

11 4 CBT 134 8.97-12 ~34.53
0.64  9.03-1 -46.15

12 4 CB” 570  3.93.16 ~32.45
13 1 CB7° 1.00 3.68.1H -72.89
14 3 cB7™? 1.08 2.69-10 -48.90
15 6 CB7*® 1.02 7.15-1(;) -51.36
0.69  1.59-1 -47.57

16 ! CBT 131 22816 ~31.08
17 5 CB7® 0.89 2.97-1) -54.95
18 2 CB6 1.05 2.99-10 -31.76
19 4 CB6® 0.95  1.43.19 -35.70
20 6 CcCB6® 0.84  4.181bH -26.81
21 7 CB6”  0.98 2.43-10 -31.24

Performed irfwater,”0.25 mv aqueous NaCl solution. Respective competftdrs-
hexanediamine-ZHd,dopamine-HCI of L-phenylalanine were used.

Table 2. Stoichiometry Parameten)( Association Constant&) and Standard Gibbs
Energy AG°) Obtained for Stepwise Complexation Reaction§Ti@y Experiments at
303.15 K

. B K AG® ANG°?

entry  ‘guest”  host N (gmdmor  [kdmol  [kd-mor}
1 2@CB6 pB-CD° 0.89 1.39-19 -29.83 -3.12
2 4@CB6 B-CD° 1.03 7.95-10 -34.23 -1.65
3 4@CB7 pB-CD° 1.04 3.10-1H -26.05 -7.17
4 4@CB7 CB6 1.10 4.66-10 -32.88 2.82

& AAG° were calculated as a difference betwd&@? of complexed ligand titration aniG° of
corresponding binary titrations. Performed th5 mv aqueous NacCl solutiofjn 2.5 nm
NaCl in D,O, the4:CB7 ratio was controlled before titration by meah&MR
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Determination of Intrinsic Binding Modes by Mass Spectrometry:
Gas-Phase Behavior of Adamantylated Bisimidazolium Guests
Complexed to Cucurbiturils

Jarmila Cernochova,'™"! Petra Brann4,®! Michal Rouchal,”” Petr Kulhdnek,!
Ivo Kufitka,™ and Robert Vicha*!®!

The chemistry of cucurbit[n]urils (CBs) inclusion com-
plexes with various ligands has been extensively studied in
the condensed phase.['! The joint development of mass spec-
trometry (MS) techniques has provided insight into the in-
trinsic binding behavior of these host—guest systems readily
available in the gas phase.”) These MS data have been used
to examine self-sorting pseudorotaxane aggregates® or dis-
tinguish a pseudorotaxane arrangement for the studied com-
plexes. Depending on the initial concentrations, the forma-
tion of a 1:1 or 2:1 aggregates of butane-1,4-diamine and
CB6 have been observed in the gas phase. Whereas the 1:1
complex adopted a pseudorotaxane arrangement that result-
ed in loss of guest and simultaneous extensive fragmentation
of the CB6 cage under collision-induced dissociation (CID)
conditions, the 2:1 portal-bound aggregate solely underwent
facile loss of one guest.! Correspondingly, the aggregates of
CB6 with phenylenediamine isomers have been examined to
show that o- and m-isomers preferentially bound on the ex-
terior, whereas p-isomer was buried in the CB6 cavity, in a
pseudorotaxane fashion.”) Additionally, the suppression of
fragmentation channels of the ethylenediamine Nicomplex
after its inclusion into the CB8 cavity has been observed
under CID conditions.!” Furthermore, the CID was used to
distinguish rotaxane with phenolic axel and tetralactam
macrocyclic wheel, in which the axel centerpiece was
cleaved, from nonspecific unthreaded aggregate which de-
composed to the wheel and axel.l”
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In some cases of multiply charged aggregates, the CID led
to the electrostatic repulsion-driven cleavage of an axel with
retention of pseudorotaxane arrangement of host and guest
residue as it has been demonstrated for the supramolecular
aggregates of molecular tweezers containing dendritic violo-
gen dications®®® or crown-ether/ammonium rotaxanes.’*
The selective binding of CB6 to lysine residues and the sub-
sequent removal of a lysine fragment-CB6 complex was re-
cently introduced as a probe to determine the structure of
small proteins.”

Formation of inclusion complexes of various adamantane
derivatives with CBs in solution has been well documented.
Almost ideally sphere-shaped adamantane cage perfectly
fits the hydrophobic interior cavity of CB7 to form highly
stable complexes. Typical values of binding constants (e.g.,
1.7-10"¥m™'  for 1l-adamantylammonium with CB7 or
5-10"m~! for dication of N-(2-aminoethyl)-1-adamantyla-
mine with CB7) allow such adamantane derivatives to be
classed as ultrahigh affinity guests for CB7 along with
bicyclo[2.2.2]octane and ferrocene derivatives.'”! As the CBs
cavity is a magnetic shielding region, the considerable up-
field shifts of resonances for the adamantane protons indi-
cate the preferable positioning of the adamantane cage
inside the cavity."*!l On the other hand, CBS8 with larger
cavity binds adamantane derivatives with reduced affinity (a
typical binding constant for CB8 with 1-adamantylamonium
is 8.2:10°v7") and the lower homologue CB6 does not in-
clude adamantane cage.'! Nevertheless, this specificity
allows to design an interesting self-sorting multi-component
systems!'!! or utilize the adamantane derivatives as competi-
tive controllers of aggregation processes. '

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

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

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

We first analyzed MeOH/H,O (1:1, v:v) solutions contain-
ing only BIM dibromides (Scheme 1). Figure 1a shows that
five significant ions were observed in the positive-ion mode
ESI-MS spectra for compound 2a and assigned through a
detailed investigation using tandem mass spectrometry and
CID experiments. The fragmentation of the ion at m/z 223
(MS?) created two product ions at m/z 297 and 149 (Fig-
ure 1b). Further fragmentation of m/z 297 (MS?) led to the
parallel neutral loss of imidazole, diazine, or diimidazoylme-
thane to yield the ions at m/z 229, 217, or 149, respectively
(Figure S7c¢ in the Supporting Information). We therefore
assigned the ion at m/z 223 to the doubly charged molecular
BIM ion and the ions at m/z 297 and 149 to its singly charg-
ed fragments that form during the ESI process. The loss of
the singly charged adamantylmethyl cation (m/z 149) will
hereinafter be referred to as “149” fragmentation. In addi-
tion, the supramolecular associate between BIM and Br~
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Figure 1. Positive-ion mode ESI mass spectra (full scan) of compound 2a
in a MeOH/H,O (1:1, v:v) solution. a) First-order mass spectra, b) MS?
of m/z 223. The assignments for the observed signals are shown in brack-
ets. The ion being fragmented in the tandem mass spectra is marked with
a bold, downward arrow.

was observed based on the Br and ®Br isotopologue ion
pair at m/z 525 and 527. This association loses a neutral HBr
molecule to produce the sole singly charged N-heterocyclic
carbene!™™ observed at m/z 445 (Figure S7d in the Support-
ing Information).

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

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

All other examined adamantylated BIMs displayed at
least one (but usually exactly one) of these fragmentation
pathways and no additional significant signals were ob-
served. Little variations in signal intensities can be reasona-
bly attributed to the different axel bulkiness which influen-
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Figure 2. Positive-ion mode ESI mass spectra (full scan) of aqueous solu-
tions of 2a-CB7 and 1¢-:CB7. a) First-order mass spectra of 2a-CB7,
b) MS* of m/z 804, c) first-order mass spectra of 1¢:CB7, d) MS? of
m/z 930. The assignments for the observed signals are shown in the
brackets. The fragmented ions in the tandem mass spectra are marked
with bold, downward arrows.

ces the activation barriers to the slipping of CB7 between
particular binding sites. Thus, the intensity of the second
“148” fragmentation product signals was rather lowered in
the case of BIM 2b, 1e, or 2e and completely disappeared
in the case of BIM 1a or 1b. Additionally, the CID (MS?) of
doubly charged aggregates of the BIM 1a or 1b with CB7
resulted in products of “149” fragmentation accompanied by
products of one “148” fragmentation. Comparing the inten-
sities of the corresponding signals (Figure S40 and S41 in
the Supporting Information), we may see that the 1a-CB7
complex was predominantly cleaved via the “148” fragmen-
tation in contrast to the 1b-CB7. The complexes of CB7 and
BIM 1e or 2e (Figure S43 and S47 in the Supporting Infor-
mation) displayed fragmentation pattern similar to those ob-
served for the corresponding methylene-bridged BIMs and
the additional hypothetical binding site on the aromatic
bridge did not affect fragmentation pattern.

The 'H NMR spectra recorded for the mixtures of BIMs
with CB7 in D,O indicated formation of inclusion com-
plexes with pseudorotaxane geometry (Figure S60 in the
Supporting Information). The considerable upfield shift of
all adamantane signals hand in hand with diminishing of sig-
nals of free BIM when the CB7 molar fraction reached of
0.7 evidenced that both terminal adamantane cages were
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successively complexed to the CB7 interior cavity to form
the 1:1 or 1:2 aggregates depending on the CB7 concentra-
tion. In contrast, the downfield shift of signals of methylene
or p-xylylene bridges suggested the location of the central
part of BIM close to the CB7 portal. Considering previously
discussed binding constants for similar structure motifs with
CBs, we assume that binding of CB7 at adamantane site is
strongly favored and observation of any other potential ar-
rangements is disabled using NMR. However, this finding
does not contradict the formation of pseudorotaxane com-
plexes with different geometry under treatment in the gas
phase.

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

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

mentation analyses: 1) The CB is bound to the end of the
BIM molecule and cannot slip over the imidazolium unit.
Only the products of “149” fragmentation are observed.
Typical examples of such BIM salts are 1¢ or 2¢ (Figure 2d
and Figure S45 in the Supporting Information). 2) The CB
may slip over the imidazolium unit once bound to the BIM
but cannot easily reach the opposite end of the BIM. In
such cases we observed products from both “149” and “148”
fragmentations. However, the “148” fragmentation occurred
only once. In other words, only one adamantylmethyl sub-
stituent can be released in this manner. Typical examples of
such BIM salts are 1a or 1b (Figures S40 and S41 in the
Supporting Information). 3) The CB can freely slip over the
BIM skeleton, and the products of “148” fragmentation
were predominantly observed. Typical examples of such
BIM salts are 2a, 1e, 2b, or 2e (Figure 2b and Figures S43,
S44, and S47 in the Supporting Information).

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

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

In conclusion, we have demonstrated that CBs may dra-
matically change the fragmentation pathways of axel mole-
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Figure 4. Tandem mass spectra (MS®) of m/z 1559 (top) and a schematic
representation of the final step in the proposed pathway toward m/z 1161
product ion (bottom).

Chem. Eur. J. 2012, 18, 13633 -13637


www.chemeurj.org

Determination of Intrinsic Binding Modes by Mass Spectrometry

cules in the gas phase. Whereas sole bisimidazolium dica-
tions decompose to two singly charged fragments in accord-
ance with electrostatic repulsion, some complexed dications
release neutral fragments to form doubly charged complex
of CB and axel residue. Furthermore, latter fragmentation
occurred only when the slippage of the CB unit over the
axel was sterically allowed. This phenomenon has general
importance for the description of binding modes using mass
spectrometry. We are currently preparing a set of BIM li-
gands with a spacer of various lengths bearing a steric hin-
drance between the imidazolium rings to clarify the mecha-
nism of unusual “148” fragmentation. In addition, we have
demonstrated the ability of CBs to act as a hydride donor in
the gas phase. This property of CBs, as soon as proved in
solution, may open a new way towards functionalized CBs.
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R factor = 0.030; wR factor = 0.064; data-to-parameter ratio = 13.6.

The asymmetric unit of the title compound, C;sH,,N»,
contains two independent molecules which differ slightly with
respect to the torsion angles involving the atoms joining the
adamantyl and benzimidazole groups. The bond angles in the
adamantane cage vary within the range 108.27 (9)-
110.55 (10)°. The benzimidazole ring system in both molecules
is essentially planar, the maximum deviations from the best
planes being 0.0134 (15) and 0.0229 (14) A. In the crystal,
weak C—H- - - interactions link the molecules.

Related literature

For the synthesis, spectroscopic characterization and biolo-
gical activity of the title compound, see: Hille ez al. (2011). For
background to C(sp?)—H- - -7 interactions, see: Takahashi et
al. (2010). For two polymorphs of a related structure, see: Lei
& Zhou (2009); Zhang et al. (2010).

FN

N

Experimental

Crystal data

CsHooN, vV =27812(2) A’

M, = 266.38 Z=8

Monoclinic, P2, /n Mo Ko radiation
a=22.0249 (9) A =008 mm™

b =64628 (1) A T=120K

¢=222739 (8) A 0.30 x 0.20 x 0.20 mm
B = 118.694 (5)°

Data collection

Oxford Diffraction Xcalibur
Sapphire2 diffractometer
Absorption correction: multi-scan
(CrysAlis RED; Oxford
Diffraction, 2009)
Tmin = 0.928, Tyax = 1.000

32353 measured reflections
4899 independent reflections
3314 reflections with I > 20(1)
Rine = 0.034

Refinement

R[F? > 20(F%)] = 0.030
wR(F?) = 0.064
§=083

4899 reflections

361 parameters

H-atom parameters constrained
Apmax =015 e A7

Appin = —0.16 ¢ A7

Table 1 .
Hydrogen-bond geometry (A, °).

Cgl is the centroid of the C2—C7 ring.

D—H---A D—H H---A DA D—H---A

C1—H1.--Cgl’ 0.95 3.07 3.9197 (16) 150

Symmetry code: (i) x + %, -y + %, z+ %

Data collection: CrysAlis CCD (Oxford Diffraction, 2009); cell
refinement: CrysAlis RED (Oxford Diffraction, 2009); data reduc-
tion: CrysAlis RED; program(s) used to solve structure: SHELXS97
(Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: ORTEP-3 (Farrugia, 1997) and
Mercury (Macrae et al., 2008); software used to prepare material for
publication: SHELXL97.
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Key indicators: single-crystal X-ray study; T = 120 K; mean o(C—C) = 0.002 A;
R factor = 0.017; wR factor = 0.048; data-to-parameter ratio = 14.9.

The title compound, C;;H;;Br, has crystallographically
imposed mirror symmetry in the solid state with molecules
bisected by mirror planes parallel to the crystallographic ac
plane (five C atoms, three H atoms and the Br atom lie on the
mirror plane). The asymmetric unit contains one half-
molecule. The crystal packing is stabilized only via weak
non-specific van der Waals interactions.

Related literature

For the synthetic procedure, see: Nordlander et al. (1966). For
the structure of a related non-polar adamantane derivate, see:
Rouchal et al. (2010).

Monoclinic, C2/{n Z=4

a =10.7250 (3) A Mo Ko radiation

b =7.0066 (3) A w=410 mm™!
c=13.4479 (4) A T=120K

B =101.801 (3)° 0.40 x 0.40 x 0.30 mm
V =989.19 (6) A®

Data collection

Oxford Diffraction Xcalibur
Sapphire2 diffractometer
Absorption correction: multi-scan
(CrysAlis RED; Oxford
Diffraction, 2009)
Timin = 0.480, Typax = 1.000

5102 measured reflections
951 independent reflections
900 reflections with I > 20(1)
Rin = 0.014

Refinement

R[F? > 20(F%)] = 0.017
wR(F?) = 0.048

S =1.08

951 reflections

64 parameters

H-atom parameters constrained
Apmax = 028 ¢ A3

APmin = =029 ¢ A3

Data collection: CrysAlis CCD (Oxford Diffraction, 2009); cell
refinement: CrysAlis RED (Oxford Diffraction, 2009); data reduc-
tion: CrysAlis RED; program(s) used to solve structure: SHELXS97
(Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: ORTEP-3 (Farrugia, 1997) and
Mercury (Macrae et al., 2008); software used to prepare material for
publication: SHELXL.97.
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Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: JH2298).
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Binding mode influence on gas-phase fragmentation of adamantylated
bisimidazolium@cucurbit[7]uril complexes

Petra Branna, Michal Rouchal, Jarmila Cernochova, Robert Vicha*

Department of Chemistry, Faculty of Technology, a®ata University in Zlin, Nam. T.G.M. 275, 762 72
Zlin, Czech Republic, e-maikicha@ft.utb.cz

Within two past decades, the host-guest chemistry of cucurbit[n]urils (CBs) and various guests has
been extensively studied in solution as well as in the gas phase. We prepared new adamantylated
bisimidazolium (BIM) salts and examined their binding behavior towards CB7 in the gas phase using
an ion trap instrument equipped with electrospray ion source. Two distinct binding modes may be
supposed for our systems. In the first class of complexes, the adamantane moiety is arranged inside the
interior cavity of CB7 and only one CB7 carbonyl porta is occupied by positively charged
imidazolium ring. If it is sterically allowed, the CB7 unit may dip over the BIM scaffold to form the
complex of the second class with both CB7 carbonyl portals occupied by imidazolium rings. Sole BIM
dications decomposed in concert with e ectrostatic repulsion to produce two singly charged fragments
upon collision induced dissociation (CID) conditions. Similarly, the complexes of BIM bearing bulky
substituents dissociated to singly charged axel residue and aggregate of 1-adamantylmethyl cation
with CB7. In contrast, some BIMs complexed to CB7 released neutral fragment (1-adamantylcarbene)
to form doubly charged aggregate of CB7 and axel residue. Furthermore, the subsequent releasing of
the second 1-adamantyl carbene was observed. This unexpected fragmentation occurred only when the
dippage of CB7 unit over the BIM axel is sterically allowed. This phenomenon may be employed as
an efficient tool for binding mode clarification using mass spectrometry.

Acknowledgement: The financia support of thiswork by the Internal Founding Agency of
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DICATIONIC 1I-ADAMANTYLMETHYLIMIDAZOLIUM-BASED
DUMBBELL-LIKE LIGANDSFOR HOST-GUEST SYSTEMS

AndreaCablov&, JarmilaCernochov Michal Rouchd Petra BranrfaMarek Neas,
Radek Marek Lenka DastychoaVéra Kaépérkmfa Markéta Liparovg
Ivo Kuiitka®, and Robert VicHa

®Department of Chemistry’Centre of Polymer Systems, Faculty of Technologmas
Bata University in Zlin, Nam. T.G.Masaryka 5555078l Zlin; rvicha@ft.utb.cz

°Department of Chemistr§National Centre for Biomolecular Researche, Facufity

Science, Masaryk University, Kamenice 5, 625 000B@zech Republic

Several members of new interesting class of orgadicationic salts with
1l-adamantylmethyl substituent in molecule were lsgsised. Following building
blocks imidazole or benzimidazole, 1l-adamantylmletlioyomide and suitable
dihalogen-spacers were used to produce dicatioradaimantylmethylimidazolium-
based dumbbell-like ligands for supramolecular {gosst systems. All new
imidazolium and benzimidazolium salts were ideatfiand fully characterised by
spectral methods (ESI-MS, NMR, IR) and moleculauctre in solid state of some
prepared diimidazolium salts was determined by YXd#fraction. Binding properties
of our new dumbbell-like molecules witR-cyclodextrin and cucurbit[7]uril were

studied in solution using isothermal titration catwetry and'H NMR.

Acknowledgement: The financial support of this wdrk Ministry of Education, Youth and Sports of
Czech Republic (Grant no. MSM7088352101) and by iternal grant of TBU in Zlin No.
IGA/6/FT/11/D is gratefully acknowledged. This cobution was created within the framework of
project Centre of Polymer Systems (reg. number1@5/2.1.00/03.0111).
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PREPARATION OF LABELLED 3-(1-ADAMANTYL)-6-METHYL-3-(3-
METHYLBENZYL)[**0O]ISOCHROMAN-1-ONE

Eva Babjakova?, Jarmila Cernochova®, Michal Rouchal?, Robert Vicha®

3Department of Chemistry, "Polymer Centre, Faculty of Technology, Tomas Bata
University in Zlin, Nam. T. G.*Masaryka 275, Zlin, 762 72, Czech Republic,
rvicha@ft.utb.cz

Isochroman-1-one derivate was detected in crude product of the reaction of
adamantane-1-carbonyl chloride with 3-methylbenzylmagnesium chloride. Although
this reaction is known already for five years,™ the mechanism of formation of
isochromanone derivate is not clarified yet. The most important question is how many
oxygen atoms in isochroman-1-one originated from adamantan-1-carbonyl chloride.
Because of that, the isotope analysis with labelled H,[*®0] was performed. The
required labelled [**OJadamantan-1-carbonyl chloride was prepared according to
Scheme 1. Maximum available labelling of acylchloride ((50% from [1100% labelled
water) was sufficient for ESI MS analysis. Analysing the protonated molecular peak
of isolated isochromanone, it was determined that only one labelled oxygen originate
from adamantan-1-carbonyl chloride. We have tried to locate specific position of the
labelling using tandem mass spectra. Surprisingly, it was found that the labelling was
redistributed between both positions via intermolecular rearrangement. On the basis
of this knowledge, the mechanisms of isochromanone formation involving an

alternative source of oxygen were proposed.

Scheme 1

socl, H,"0 -
OH —> cl —> OH
o

** ~100% of izotope O

* ~50% of izotope "°0 at specific position

Literature:
[1] R. Vicha, M. Necas, M. Potacek: Collect. Czech. Chem. Commun. 2006, 71, 709—
722.
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Synthesis of imidazolium salts bearing 1-adamantyubstituent
and properties of their complexes with b-cyclodexin
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Keywords: 1-adamantyl, imidazolium, benzimidazolium, cyclotlex host-guest systems.

Abstract:

lonic liquids — a new interesting class of orgaseédts — have been recently extensively studied.
These compounds have attracted considerable atteintivarious branches of applied chemistry e.g.
in pharmacy or medicine. 1-Adamantyl substituentvidely used for improvement of properties of
function molecules. Highly lipophilic adamantanegeanhances solubility in non-polar systems i.e.
permeability through a biological membranes. Ondtineer hand, the solubility of final compounds in
water medium may be increased by complexation gyitthodextrins.

Half-dumbbell-like molecules were prepared as & $ebstances to describe interactions of 1-
adamantylimidazolium salts with cyclodextrins. Thisowledge will be further extended to bis(1-
adamantyl) substituted dumbbell-like molecules, chihivill be used for supramolecular polymer
assemblages.

Title compounds were prepared from commerciallyilaldle adamantane-1-carboxylic acid
(ADA), imidazole, and benzimidazole. ADA was cons@eely transformed to 1-adamantylmethanol
and l-adamantyloromomethane or adamantane-1l-cdrioirgride, l-adamantyl 4-methylphenyl
ketone, and l-adamantyl 4-bromomethylphenyl ketdiweo obtained bromides were coupled with
imidazole or benzimidazole, respectively. Finallgquired salts were prepared via quarternisation
with corresponding halogenoalkanes. All new imidamo and benzimidazolium derivatives (Fig. 1)
were identified and fully characterised by speatnathods (ESI-MS, NMR, IR).

Supramolecular complexes of prepared compounds Wwitliclodextrine were studied in
methanol/water or DMSO solution. Binding constaatgl other thermodynamical parameters were
obtained from isothermal calorimetric titration exipnents. Geometries of the host-guest complexes
were suggested on the basis of 2D NMR nOe expeténen

Fig. 1: Structures of prepared imidazolium and benzimidarokalts.
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