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2.3.Description of the scientific achievement

Folic acid FA, vitamin B9 is a combination of three parts: a pteridine derivative (pterine
PTN), p-aminobenzoic aciPABA)and glutamic acidGA) - Figure 1.

Fig. 1 Folic acid(pterinei marked in green,
p-aminobenzate pari marked in redglutamic
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Folic acid is essential for the proper functioning ofahganism It participates in the processes of
DNA synthesis, methylatigrand repair,jt also affects the division and growth of cgll} Its
deficiency is responsible for various disordeis;h as neural tube defectdatus[2] which may
cause, among otherpina bifida it may also lead toardiovascular disorderas well as affect the
development of Alzheimer's disease.[3] In the body, folic acid is transformed with folate
dehydrogenase (DHFR)to dihydrofolate and subsequently inétrahydrofolateandin this form

it is transported to the cells. Transport is carriedwitih reduced folatecarrier[4] the proton
coupledfolate receptqr{5] or one of four folate receptors-R-a, FR-b, FR-gand FRd.[6,7]

FR-a, which is the nost oftenstudiedreceptor, isexpressed at very low levels in normal
tissues, but is overexpressed in many types of cancer. This is due to the high demand for folic acid
by rapidly dividing cancer cells. Therefore, the-BRreceptor has been used both as a marker for
caner cells and as a target for the delivery of imaging and therapeutic &)8htsresults inthe
use of folic acid as a drug carrier that guarantees the targeting of the folate receptairulgost
that areconjugated with folic acid are cytostatic dsugonjugates are formed by the covalent
combination of folic acid with the druga an easy to dissociate linker (disulfide bonds are most
commonly used). Examples of such conjugateseageFA conjugatewith doxorubicin [10] or
camptothecirj11]

To improvedrug carriereven furtherfolic acidmay becovalentlycombined with native
cyclodextrins. Cyclodextrins provide the ability to complex organic molecules in their internal
cavity thus improving their water solubility, bioavailability and stapilivhereas folic acid
provides targeting dfR overexpressingancer cellsSuch drug delivery systems are discussed in

thereviewH#9.



Native cyclodextrins (CDs) are watsoluble cyclic oligosaccharidegroductsby starch
degradation They contain six &- CD), seven l§- CD) or eight ¢ CD) glucopyranoseunits,
connected byhe 1,4-glycosidebonds(Fig. 2).

Fig. 2 Native
(a, b, andg) CDs.

They appear as truncated cone and are characterized by a macrocyslity of various sizes
(4.7-8 . 3 i interiordf the cone is hydrophobic and its outer layer, due to the presence of many
hydroxyl groups, is hydrophilic which leads tiee good solubility of cyclodextrins in water.
Variouscompounds can be complexed in @B& cavityto form inclusion complexes. This is a
property used by the cosmefti?] and pharmaceuticaldustrieg13,14] Formation of an inclusion
complex often results in a beneficial changfethe pharmacokinetic properties of the guest

molecule, such amprovement ofts water solubility, bioavailability and stabilifit5, 16]

Drugdelivery systems (DDSromposed of native cyclodextrins covalently linked to folic
acid, contain simple monderivatizedcyclodextrinsand cyclodextrins with a higher degree of
substitution Derivatization may appedroth on the primaryas well asthe secondary side.
Examples of simple polymers and dendrimers arelalsavn Themajority of studieccarriersis
obtained bya formation of an amidebond betweenthe i NH> substituted cyclodextriand the
g carboxylic acid groupf folic acid because unlike th&- carboxylic group, it has no effect on
the binding of folic acid to théolate receptor.Linkers based on polyethyleneimine (PEI) and
polyethylene glycol (PEG) chains of different leng#ns often used, whiclallows for a greater
lability of the system. The most interesting syntheses have been thoroughly diqcesssd

H#9). Studiedcarriers were used to deliver drugs such as methotrexate]larin, b- estradiol,



chlorambucil, Sfluorouracil, doxorubicin, paclitaxel, vinblastine, docetaxel and carboplEtia.
review H#9 makes a comparison @l of the complegs obtained with a carrier based on a
cyclodextrirfolic acid conjugate, and compares their stability whéhanalogous complexes based

on the unsubstituted native cyclodextrins. In most cases, the complexes favitieayclo-
dextrin/folic acid conjugateshowed highewralues of association constant&s). Some of the
obtainedcomplexes wersubjected ton vitro and/orin vivostudies using variousancercell lines
and/or studies in mice. Drug delivery systems based on native cyclodextrins covalently linked to
folic acid were then compared with otheug carriers based on folic acid, such as: fadid-arug
conjugatesfolate-coated liposomesandnanoparticles. The advantages of drug delivery systems
based on native cyclodextrins covalently linked to folic acid proved tepeeifictargetingof the

folate receptor, increased solubility in water amgrovedbioavailability of the complexed drug.

On the other hand, the disadvantagesBneroblems with théormationof appropriate complexes
(mainly problems with repeatability asdaling up; 2) limited amount of drug in a single carrier
(depending on the stoichiometry of the obtaihedtguestcomplex) 3) competition of the carrier

with free molecules of folic acidor FA binding sites 4) limited possibility of an in vivo
application: only coplexescharacterized bgssociatiorconstant.>10* M do not dissociate
upon parenterabdministation Despite these difficulties, these types of compounds constitute a
widely studied group with possible applications in the future. More complicated dendrimers built
of a cyclodextrin core and decorated with many folate groupss proved to bgood DNA aml
smallinterferingRNA (siRNA) delivery systemscharacterized by the extended reldgase of the

supplied molecules.

Despite the wide interest in carriers based on native cyclodextrins covalently bound to folic
acid, there have been no studies on tmepiexation offreefolic acid by cyclodextrinsHowever,
it is well known[17, 18]that substituents attached to cyclodextrmay be includedwithin the

macrocycliccavity, thereby reducing the complexing efficiency of the desired molecules

Studies orthecomplexatiorof folic acid by native cyclodextring(b, andg) arethe basis
for publicatiors H#1 and H#6. The formation ofthe complexeswas confirmed by mass
spectrometry (ESI MBand monitored in solution b¥H NMR. As it is known, changes ithe
chemical shifts of the guest and hgsbtors indicate the formation of a hegtiestassociate

Initially, complexation studies were conducted #ODAs folic acid in the physiological pH (7.4)



existsin the form of a dianion,e. both carboxylic group& andg) are ionized, the corresponding
disodium saltvasusedfor studies inD>O. During compéxation the largesthanges ithechemi

cal shifts forFA have been observed for the three pairs of prot@menylFA(H3) andFA(H4),

and for the- CHz group connecting-aminobenzate subuniwith the pterir part (see Fig. 1)
suggesting that these parts of folic acid interact with native cyclodextrins (exact whlues
d (ppm) for b- CD/FA are presenteth Table 1).For bothb- and g cyclodextrirs, the largest
changeswere observed for thenercavity protonsCD(H3) and CIOHH5) (data forb- CD is
availablein Table 1), which indicates the formation of an inclusion compound+eyclodextrin
there was practically no change in the chemical sifinnercavity CD protonswhich may
suggest that the onipteractiors of folic acid with the macrocyclic hosthay occur outside the

cyclodextrin, and thus agxclusiontypeassociate is formed.

Table 1.Chemical shiftsd) of: b- cyclodextrin,FA, b- CD/FA andthe correspondinghanges

Before the After complexation Dd /ppm
complexation(d /ppm) (d/ppm)

b- CD/FA

FA(H2) S 4.55 4.60 +0.05

FA(H3) d 6.79 6.60 -0.19

FA(H4) m 7.63 7.58 -0.05
b- CD(H3) m 3.90 3.78 -0.12
b- CD(H5) m 3.84 3.75 -0.09

The geometry of thetudiedcomplexes was confirmed by the 2D ROERWMR spectra,
which for complexes withb- and g cyclodextrin showed clear cropgaks between thaner
cavity cyclodextrin protons (H3 and H5) and protdms(H2), FA(H3), and FAH4) belonging to
folic acid. The postulated structuresthe complexeare presented in Figure 3.

a) b)
-on o Fig. 3Postulated
2 OH structures of a)
NVH’O/KH o [y a- CD/IFA b)
Ny HO N O N b- CD/FA and
= iy " gCDIFA
H O HZN’« Q:N
N o
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It is known that folic acid and itsalts form aggregates in solution. Although they are
rather weak, especially when compared to aggregates in liquid crystalline phases,[19] it is
important to gther more informatiorabout the aggregation processnce it can affect the
formation of hosiguest complexedetween folic acid and cyclodextrins. Abu Khaled and
Krumdieck [20] examined the possibility tfie selfassociation of folic acid, dihydrofolic acid
(DHFA), and 5,6,7,8etrahydrofolic acid (THFA) ina phosphate buffer in the presenaed
absence of potassium chloride, confirming the formatiomliofers in the case of low coneen
trations of FA, and polymeric structures at higher concentrationgaperH#6, the folic acid
dimerization process wastudiedin D,O by theH NMR spectroscopyDimer formation was
observed and the dimerization constant was determined. ltsvélue 6 N 0. 3) was | at
account in the calculatisnof the association constants dblic acidnative cyclodextrins
complexes Theassociation constantgere first determined bthe 'H NMR titration in D;O (the
values are given in Table 2). In additi@ssociation constantgere also determined for pH = 7.4
(Hepes, ITCH#6 andphosphate buffered salind®BS, U\VIS, H#12). All the methods gave

comparable results in regard to tevalues.

Table 2. The values 0€D/FA complex association constankss).

H:G Ka[M] Ka[M™ Ka [M ] Ka[M ]
IH NMR, ITC ITC UV-VIS
(D0) (H20) (Hepes, (PBS,
pH=7.4) pH=7.4)
a-CDh 1:1 - - - -
b-CD 1:1 118\11 162013 136\11 131061
¢ CD 1:1 180 56126 - 28\3.4

The moststablecomplexes aréormed forb- CD, while much weaker complexes are
formedwith g CD. This is probably due to the inferior spatialstguestit and easier dissociation
of folic acid from the macrocyclicavity in the case off CD. Thea- CD cavity is too small to

include FAmolecule, and therefore only very weaclusionassocite is formed.

Since blic acidis strongly bound by the FRx folate receptor, which is overexpressed in
many types of cancefA can be used as a model compound for the study of newaarder drugs.
In addition, there is a whole group of compoundstifolates (folic acid antagonistgigure 4,

structurally sinilar to folic acid havingtherapeuticmainly anticancey properties.[21]
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Methotrexate Pemetrexed

Raltitrexed
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Pralatrexate

Fig.4 Molecular structures of folic acid and antifolates.

For furtherstudies orthecomplexation with cyclodextrins, the relatively new antifolate
- pemetrexed (PTX) presentedFigure4 was chosen.[22]

The presence in its structure of two components of folic agidtamic acid andin
particular p-aminobenzate partesponsible for forming an inclusion complex withandg CDs,
suggests the possibility of formirapalogous assoces,as in the case ¢¥fA, with native cycle
dextrins. Pemetrexed differs in its structure from folic awids third component which may
point at the importance dhis particular subunit on the formation of the hgsest conplex
Therefore,additionally, the CD/PTX complexes were comparedth the previously obtained
analogous CD/FAassociatesto obtain a more general picture of the interactions of native
cyclodextrins with such compound$¥he formation ofthe CD/PTX (H#10) complexes was
monitored by*HNMR which provided information about the conformation of the guest molecule
as well as possible interactions with BB host. All experiments were carried out inDas well
as in DMSQd6, whichenabledollowing the changes ithechemical shifts of acidiprotons. The
architecture of the complexes waghsequentlgxamined by 2D ROESY NMR. Experiments of
UV-VIS titrations in phosphate buffesaline (PBS, pH = 7.4) were used to determitie
association constan{&as). During titration, in order to avoid dilution effects and the effect of
possible aggregation of the guest molecBIEX concentration was kept constant. The HypSpec
program was used to determine the stoictetry of the obtained complexes well astheir

associatiortonstais.[23] The corresponding titration curves fbea- CD/PTX, b- CD/PTX, and
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2- CD/PTX were consistent with the 1¢dost:guest)binding model The values othe association

constants were collected in Table 3.

Table 3.The values ofassociationconstantsKas [M ] for PTX with native CDs measured at
pH=7.4

a-CD b-CD g CD
PTX 4 226 4 32°0.1

Thechange®f thechemical shift upon complexatiatserved foa- CD were the smallest,
resulting in the lowest value of tlassociation constank4 = 4), suggesting a very low affinity of
a- CD for PTX. It is worth noting that in théd NMR spectra of an equimolar mixture @f CD
and PTX in RO only marginal changes in chemical shifis{ of a- CD are observed. The most
visible change appears f@D(H4) directed outside thmacrocyclic cavity @ U= 0.02 ppm). This
suggests, that the PTX molecule is too large to be encapsulated withen @2 host This
assumption was confirmed by the resultDfROESY NMR experiments. Absence of any cross
peaks betweea- CD and PTX signals, iboth independergpectra where the molar ratio thie
mixtures was 1:1 and 1:16 (host:guesRc¢ludedthe possibility ofthe existence of an inclusion
complex. Nevertheless, there were some changdblerthemical shifts forseveral protons
belonging to the PTX moleculep(i= 0.030.34 ppm). Thismplied that the carboxylate groups of
the PTX dianion are involved ithe interactonswith the hydrophilic- OH groups of thea- CD
molecule.

To prove this, the 'H NMR spectrum ofan equimolar mixture of PTX with methyl
a-D-glucopyranoside, the simplest structural equivalenmative cyclodextring was measured.
The obtained changes tihe guest chemical shiftefi= 0.040.07 ppm were analogous to those
observed fomteractions witha- CD. This definitely confirms the assumption that the PTX dianion
interacts with the hydroxyl groups of the sugar subunits. The phenoroéananion complez
tion by sugar receptors has already been mentioned in the literature. The complexation of
carboxylde ions, both aromatip{CHz:CsH4+CO;") and aliphatic (gHwCO;") by cyclodextrins and
acyclic dextrins in aprotic solvents was previous@scribedoy Kano.[24] The complexation of
simple anions by sugar receptors based on ribose skeleton was also invd&tjdtedause of
the substitution of deuterium atoms, the signals ofi@piebtons are not visible inJ®. Therefore
subsequent 1D NMR measuarents in DMSQd6 were carried outFrom these experiments, it is
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clear that thePTX(H4) pyrrolic proton interacts with the secondaay CD hydroxyl groups
[a- CD(OH2) anda- CD(OH3)]. In generalall informationobtained fromthe 1D and 2D NMR
datasuggesthe formation of an exclusion type assoeith two equally probable conformations
shown in Figure & In addition, frontheNMR studies it can be seen that PTX interacts e4t@D

in a similar way td~A.

The studies ofthe complexationof PTX with b- and g CDs were performed in an
analogous manner to the complexation vathCD (*H NMR in DO and DMSGd6, and 2D
ROESY NMR). In case df- CD, the obtained results suggest that not the entire PTX molecule is
enclosed within thd- CD cavity, and the compleis formed by inclusion of the phenolic ring
while the remaining parts of the guest molecule (bicyclic heteroaromatic ring and aliphatic chain
with carboxylic groupg protrude outside the host molecui@ming a pseudorotaxartype

structure (Figure ).

Dataconcerningcomplexation of PTX with the largestr cyclodextrin proved to be a bit
more difficult for interpretation Analysis of thetH NMR spectrum of an equimolar mixture of
2- CD with PTX in DO, clearly indicated only marginathanges irthe host chemicakhifts.
Nevertheless, slight changes were observed for the shift of protons directed to the inside of the
macrocyclic cavity g CD(H3) and g CD(H5), which could suggest the inclusion of a guest
molecule. As in the case of interactions wathCD andb- CD, there are significant changes for
protons of the PTX molecule, which further confathatPTX is involved inthe hydrogenbonds
with CD hydroxyl groups. In order to determine the type of interastimtweenhost andguest
molecules, 2D RBSY NMR experiments were performed (for equimolar guest and host mixture).
These experiments suggest the existence of very weak interactions between R ERnHor
weak complexes, anore clearmicture of the geometry of the complexean be obtained when
experiments are carried out withe excesof guest molecule. The 2D RE3Y NMR experiment
was carried out for a mixture gf CD/PTX with a molar content of 1:16. A clear additional cross
peak between the phenyl proton of the guest molecule andrecavity g CD(H5) indicated
the existencef the hostguestinteractions within the macrocyclaavity. All the obtainedresults
suggested that the guest molecule penetrategt @B from the widersecondary sid¢o form an
inclusion compound. In order to confirm the results and obtain a more complete picture of the

architecture of the hogfuestcomplex 1D NMR measurements wegperformedn DMSO-d6.

14



Summing upthe PTX compexaion study with native cyclodextrishowed that- CD
formsan exclusion typassociat[as confirmed by 1D NMR experiments@and DMSQGd6) as
well as 2D ROESY NMR b- CD andg CD form pseudorotaxangype structures, in which the
guest molecule is threaded through the cyclodextrin host molecule, as can be clearly seen from the
1D and 2D NMRexperiments. In addition, treplitting of thediagnostic NMR signal assignéat
PTX ethylene protons was observed eICD/PTX andg- CD/PTX (restrictedrotation) but not
for a- CD/PTX, which further supports the postulated mode of CD binditigPTX guest

Moreover, information obtained fromme NMR experiments carried odibr mixtures of
PTX with the simplest@nalogie of cyclodextrinsi methyla-D-glucopyranosideshowed that the
PTX dianion interacts with the hydroxyl groups of the sugar moieties. This additionally proved that
the extremely large changestire chemical shifts for PTX after the addition of CD were caused
by the interactions of carboxylic anions with hydroxyl groups of CD. RtetNMR studies, it
can be seen that PTX interacts in a similar way with native cyclodextri#s d®rmingexclusion
compounds witha- CD and inclusion witlb- CD andg CD.

Finally, the interactioaof PTX withmethyla-D-glucgpyranasidecan be an inspiration for
the design and synthesis of receptors based on simple sulge atmolecular recognition of
folic acid and antifolates.
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Fig. 5 Postulated structures of PTX complexes witrealD b)b- CD andg CD.
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Folic acid has a complex structyrevhich is usuallydivided into three parts: pteen
p-aminobenzoic acid and glutamic acid. However, for better understandingAeworks, it can
be divided differently into subunits opterine (PTN) and pteroic aciPTRA; Figure 6).

OH . . . .
Fig. 6 Folic acid and its

o H 0 )
HNJj[Nj_/ _©_< FA subunits: pténe (PTN) and
N
HZN)\\N N H

o pteroic acidPTRA).

O
HN AN _©—< PTRA
PR | PTN j_/
NS ~Z
H,NT SNTON
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PTN i s boundoalhy diymydhrnecept d DHPSQf whii tdnami dé e
Il n contrast to comppamdsobaoiehdnpPgPaPSetwha he
binding to the PTN binding si tseulcpahno oy, rdceednle

Theredoseri ess yoldf n gomiedde nconjugates were tested.
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[0. 253 mgtnmildd( *elsqecPTRAI ygnd PTN EAsnu bbuenirteg aarnc
t herefore, i nspired@Df yFAprcompd ex@atvidaie sworni bed |

H# )Ras been devot ed PtTRAt haen dc ariigNla el @/dlodextrins.o f

Unf or yuonvdt £d | uni Iwaiftieerse st ed ¢ omp o u nedxsc | (URITeRIA tahr
app!l iactahNeMRn t e cfthaori quteh @y ica gnipb ®xTehses .mai n t echni
studines ol uthlko\hl Sypaesc t r,dIslc o @ y pnweerriemecnatrsr i ed out i
bufefdeal | MRS, pHh=z 3téoyacfthi @almet obtai ned compl ex
assocda@arngwmet summearoinpead eadndvi t h anal ogmplse xdead a
of n@bwivieA i n .Tabl e 4
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Table 4. The stoichiometry of the FA, PTRA, andPTN complexes with native cyclodextrins,
and the values of the associationonstantskKas [M *}] measured at pH=7.4PBS).

a-CDh b- CD g CD
H:G Ka[M7] H:G Ka[MT] H:G Ka[M
FA 1:1 - 1:1 1310%:; 1:1 28 M3
PTRA 1:1 174801 1:1 10K0 1:1 8 ND
2:1 - 2:1 781 %6 2:1 78 N1
PTN 1:1 10RK0 1:1 369001 1:1 67 N3
2:1 147 2N 2:1 - 2:1 -

The stability of thebtainedcomplexesincreases in theeriesig CD < b- CD << a- CD series for
pterire andg- CD <a- CD <<b- CD for pterdc acid.

The complexation studies solutionwere supported byheoretical calculations. Initial
structures of guedtost complexes were obtained in docking procesbsequentlyfjve structures

with the lowest energy were optimized using sempirical methods (PM®6)

d)

Fig. 7.a)a- CD/PTRA
b) b- CD/PTRA

c) g CD/PTRA

d) superposition of
PTRA molecule in its
complexes witha- CD
(blue),b- CD (green,
g CD (red

e)a- CD/PTN

f) b- CD/PTN

g) g CD/PTN.
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In all cases studied, the nopvalent binding mode depends on the sizeyofodextrin
cavity. The stoibiometry of inclusion complexes, taken to theoretical calculations, was derived
from theUV-VIS experiments. In cases where more than one type of complex is observed, only a
complex characterized by a higher association constastconsidered fanolecula modelling
a- CD/PTRA showsa host:guesstoichiometryof 1:1. The bicyclic moiety is too large to be fully
encapsulated within tree- CD; andthe formation of the complex is fulfilled by inclusion of PTRA
phenyl ring (Figure 7a). The ketone group attacteethe pteridine ring is directed towards the
primary hydroxyl groups of theosta- CD. The twisting of the guest molecuke also observed
In the 2:1 (host: guesttomplexof PTRA with b- CD (Figure 7b), the phenyl ring of the guest
molecule is located in theavity of one of thecyclodextrirs, forming a hydrogen bonded dimer.
The remaining part of the molecule is stretched towards the see@id forming a dimer with
the amino group directed towardee primary hydroxyl groups of thaost Similarly to
a- CD/PTRA, the guest moleculithin the complexs twisted. In the 2:1 complex (host: guest)

g CD/PTRA (Figure 7c), as inthe b- CD/PTRA associa, the cyclodextrin molecules form a
dimer,andincorporae one molecule of PTRAThe dimensions of thg cyclodextrincavity are
much larger thathose otheb- CD (cavitydiameter=6-6,5; forb- CD and 7.58.8; for g CD),
and thereforethe rotatation of guesmoleculeinside the compleis easierand PTRA molecule
adoptsmore twisted conformatiorit resultsin the formation of aveaker complexas compared to
b- CD/PTRA (which is confirmed byhe UV-VIS titration experiments solutior).

Figure 7d shows theverlayof guest molecules in all thré&&D/PTRA complexes

The predominant forms of PTN complexes are, respectively, 2:1 (host:gssetiates
with a- CD, 11 with b- CD and 1: 1 withg- CD. In thea- CD/PTN (Figure 7e),a- CD forms a
dimeric structure in which the PTN molecule is stretched between two parts of the dimer. In the
b- CD/PTN complex (Figure 7f), the guest molecule fiesfectlyinto theb- CD cavity, with the
amino group directed to the narrower, primary sidénefhost molecule.

An analogous structute b- CD/PTN can be observed for tlgeCD/PTN complex (Figure
79). Sincethe CD cavity diameter increases significantiyhile changing fromb- to g CD, the
rotation of the PTN molecule inside tgeCD complex is much easier, and hence the strength of

binding of the guest molecule is lower. This is also reflected in the solution, where2lb& TN
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complex is characterized by a much smaller value of the association cokstant 6 7 ) 3. 7 M
than tleb- CD/PTN complex

Theoretical calculations aie usefulmethod to describe architecture as well as many
parameters ofupramoleculacomplexes nevertheless the use of experimental techniques that

could shed a light on those features wouldeantageous.

Therefore, he use of Xray diffraction on single crystals wouldsobe important to

describe the geometry and interactiogsurringin hostguesttype associations.

Unfortunately, none of the compaoundlshidi s
prompted me to take a closer | ook at the pro
compl.exe ddadaa usrter uc tod med-g s ntthp kosfx ensat i ve cycl o
with biologically activerevimMpgduimhg oarne yswmhman
c aspersesceanmip | elx-eyslodextfin Re | at i veed sye sl easrdeo rr etploa t ®ma |
a- CD, and no example was found fgrcyclodextrin.l n t heH# 4hwi enno|l ecul es o
examined guests were(ldevpdedsi ahd@ithep qmpeiwgs
substances. This second grouplMiampltadedr dgyi de
aromatial i phatic ripgsseasitimteriagesnt raZ2@mr en t
aryl pr op;i3cknilcp haoocndlaihs dlesf,enac ab@d sudgaonapogoes
ot lpéhrar ma ctehuartiec anlost | salbywd e&d pisn 1t he

On the b@éaspth odnalnysi s of crystallograph

cyclodextrins with biologically active compou
guest mol éneeuxite se xfpoerr i ment al studi es.
Terpenes, om @lmunifilcta s ompene subunit s, are |

pl anttshey apapse acro nupsounael Ntys of esseoméeploraisl [ 3
occurrence in mus$BRrodomead [ BdBskechbac| 8Bdiaflfhen ents
number of I 8S¥pr emenwatniidarsal i zati on of the main

functional gr oupdce rlievaadtsiuvtehs aasl vdael hcyedhegsl webfr ¢ Rk et o
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areall ed terpeEmey dsar[pandgs adc hignsndw$stparticul ar
phar mad3®BBi cddP]d and][ £@]s meti cs.

I n my wocksedyon aerde s hat sodoh@rcioanpelse XT h e
chogearrest mol ecul es belonged to the following
compounds, monocygrmred i bi cyalpiownds mpo ufoudnsc t p ®@Nad s

groups (Figure 8).

3 /K/\)\/\ )\/\AOH/
OH
1 2

OH OH
b)
r” YOH " OH r” “OH “oH
AN AN
3a 3b 4a 4b 5a 5b
c)
o)

OH OH \

6 7 8a gb O % 9

Fi.gT& mpesnd terpenoids appearing ibaCDtahlee:@har ac
g er a h)i,o-lifaldol 2) b) alainpfeeyto |3 a(, -mehdptl3 b(,-)isopul egol
4n, -iopul 4 o)aftérpineclb a, -afterpinecl 6 b c )c |:H ienye®)e - (

iso p icraanp K7e o)iborneol 8 5, -b(o+ )n8hod)-c(&a mpB AT -c(atmp(B dBot h
enanti omemers of borneolrehmankéedrimedi bk Bet

The basi c abuotfhoersnea teiwosmps emxmar i zed i n Tabl e 5.
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TalbBChar acteri zat i oh-CbWith terpemes anu tepéneds.e s o f

Guest H: ¢ Spa¢ Re.f H: G Met hokh Ki[ M| Ref .
sol gr ot solutidet er mi
st a

Linear alcohol s

Geraniol 2:2P1 H#5, H 1: 1 HPLC 3 3\49 H# 5

(-)-Linalool 2:2P1 H#7, H 1: 1 SHGC 366 41

Monocyclic alcohol s

( +Ne hat | 2: 2 P 42, H# 1: 1 HPLC 166 42

(-)-Mentho | 2. 2 P2 42, H# 1:1 HPLC 166 42

(+¥opuleg2: 2Pl H#3,H 1: 1 HPLC 248617 H# 3

(lsopul eg2: 2Pl H#3, H 1: 1 HPLC 24617 H#3

( +a)Terpineol 2 : 2 P2 H#5, H 1: 1 HPLC 41BD H#5

(-)-a-Terpineol 2 : 2 P2 H#5, H 1:1 HPLC 3 98 H#5

Bicyclic hydrocarbons

(-)-Fencher 2:2C222H#2,H 1:1 GC 297 H# 2

Bicyclic alcohol s

-)- 2: 3C222 H#7, H - - - ;

Iso picampb ol

(+Borneol2: 3C2224H#11 11 ITC 1 8 6M\410. 4 4

(+Borneol2:3C2224H#11 11 ITC 297&550:44

Bicyclic ketones °

(+Qamphor2: 2C22H#8, H1:1 I TC 2058 44
SHGC 828216 41

(camphor2: 2C222H#8,H1:1 |1 TC 2058 44
SHGC 498680 41

The c @®mwpl- golodextrinwi t hlei ngelaeast mon elowda e st
assowildatheachi HaH#d e mnadi-d@lh infrad#Kd@ LBot h compound
crystald(iHk:e&S9anp | 2 xue & alf- TDi/(-9-linalool], which is reflected in the
solmu-ttihoe determined .stBothi coept gk s| dirave alal e
associati K qolmdtleEenitsyy andumber of similarit
encaps ub-edodextrinb gk @anoml ongated form, which make

only one of t heawyGeiradaidilinalool malecuteginthe complex are

21



arr angetdd e"ahde"a dweytdhr ox yldi geotupd t owab-@G3eddgehe na
( Furgeb) .eiltohfemrt he compl exes, the guesar mohelul e
b- cyclodextrin dimeric container.

There are malvepuwulydre s g o€ h arcygclodextrn complexes: f or
channel ( CH)YI,Mortcedbwam® @) at ehes,samat(@ap€B) 46]
B o tb-fcyclodextrin complexes with linear guest molecules exkiitr e w channel type

[f dor CD/(-)-linalool please sekE iug9%b ]. ¢

Fi ga p-€D/(-)-linalool b)2 : 2 (b+HCD/G)linalool, side viewc mo |l ecul ar packi
b- CD/(-)-linalool. Wat er mol ecul es were omitted for <cl ari
Publ i craetg aorbdsiyciodextrin cop | e xvé ¢ h monocyclic gues
i nclardteiad ceso mpl wk &€ 8- a(n4d))-me hot[j4 2 H# 11 { ahd) (
i sopyyMH#&3tbA411 and an d))aferpineolH#5S5H# 11 Abmmpl axes
characta2:i Zest diypedydoderitna pgpaanr st he H-momd abi Bhi zed
di mer, momercgaas st mol ecul es ar leCkaawegprs gluated Ow
s h olw@D/ -()-a-terpineolc o mp]l e¥r om t he sturdiitesi s,nkmbhwn s
b- cyclodextrind 0 e sd infofte eenmtnit atoener s of mohao}lyehkd ef dbeep
their compl esxeast ei nvetrhye ssiomiildar. dHowkrvervedilhét
the commleax & ® 1 ¢ fai naagrpinéok The guest molecules in the complexes of

22



both enant i ome rasterpnéolair ssoamug eetigeoi |- menaddlo'd e wher e as
ment hol i's arranged iin"kaatdouaci@lohels e x ecrsot dowfadln m wa y
a-terpineojcr y st ailn i tzhspgmae®2p),show t he wmame ptayckda nogf
[si mil@mareéwi @ass | ly-Choomplexeswitk d ngeearra n i-plinaloalllod r (8 w
chanB€) . b-Tbhbeomplexwi t h | sompwd tealotl hLisp@ace igroup
characteri med elpwlctkt ea gt AirdeiugleO b, c .

a) b) c)
[ )

R oy

Uy el Vo

WY
eS8 &2 2w
AR LT
o-:::ef" o 3—'&*
- o -
¥ LN Tt
4t YL

Fi gab-D/(-)i s op wl)e Ra Id-CD/A})-igBPulegol, sideview Mol ecul ar pack
o b-CD/-)i sopul egol . Water molecules were omitted
Thédogtuest compycledexwgimvi t h bi c ysa htder gsmeiédl € e

asseacMiath t he h yfdernocchHeflbeo n@ I(-¢Hoh@p | mboockH#{a n d

ket olntgan:d)-cdgmphofH#A ddi ti onal | yyb-CDoomgloenpas i wiotnh a
( +and)bdrmmeol-obt ai ned and Beh adimaaddsee | ¢diekl# Ibhisdd d . (

t hdd scussed compl ex®sd mwd {p&emriyiscyacl ICRi2zR2e aicnp etgheeo u p
ThieCDappear s he f orhredodhead tngmpi wlali ch the second
groups are connected thr ddwgMe vae rn e tdve@rekn da fn gh yod
of a particulan taectsitomalt ugeouphet Is¢d ogueds o mmi
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obtained comptl kheyas odfiafh)fbeadrmbhechlebot h camphor enai
2:(2H:,G)wh er e a ss(-)-isopinocmip daglh a O - a( nt+e)-bgrneo)jst oi ¢ hii ® met r y
2:8: 5. 't i s,tvhaartt t hreotsitmog chi ometry f oeed ailnc ohoc
t he sol uti Db[iabliwéd i.4 hl - &didiextrin complex with (+j e n c,h e e
guest mol ecule is riomba@bedwict bsehéeomaher wi deof
posi toiluacmsedde t heavayredsed @xptorsiin i on by hydrogen
ot heGDmol ecul es. HRihgeCDh emmpleiwi $-Higogisocam b o |

All cyclodextrin complexes withnbtbogckcobmpt ¢
the cyclodextrin molecules form a dimer, whil
si de beGD, with leydroxyl group directed outside the macrocyclia v. i tTF0OH group
forms hydrogen bonds wi t hb-GDatoH ewaltl ers , mavlhe d el 4
groups are tdheemhaedodcwndinidel davihtryeies cragfesrsetd t h «
mol ecule is located in tbé moddl engf hydeogaps
l11a) .

Fi g.a)tC@D/(-)-i sopi no dg mpzh:e2b!GDH )-iSopinocampheol, side view )
mol ecul arb-gc)k spgi abcammbkeetul ®Wat were omitted

In the b- cyclodextrin complex with (+famphor the guest molecule is disordereder

two sites One methyl group and the =Glgroupassureanchoring the guest molecule within the
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macrocycliccavity. On the other hanth the case of a wejpositioned {)-camphor molecule only

the- CHs group is directechward the cavityFigure 12a)

a) b) c)
)
3 \&? oy
- - - .k;"?v"'\. __*‘_:3
A ;;':»d:._“:ﬂgx: L. S )
Y= —A L PP 0 2 . i d g o, @
\ AN LA ol Y A ot 2 = P e et 3
17y /N VAR P WA e b 4 v v \ 7 I
‘ki %"f:«a - ‘v"“ Vd] w < -y V‘
CnS S Ny &Y e W ~j @ - wv-"’/ W g - )
i \ / .‘V‘v"’. = i e - J'Wd d'w-— Y
TR o W o o o’ AW e~ AT gt W
/= 4 %% v ¢ Yer's x
_ T .\’.‘ - &J"“* “:' -y ‘va N -y
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& s

Fi.g dCD/(-)-c amplh) r 2 : D-COM)-c&hphor, sideview mol ecul ar packi
b-CD/(-)camphor. Water molecules were omitted for

In the case ob- CD complexes with-()-isopinocanpheol, both enantiomers of borneol,
and both enantiomers of camphtbre complexes exhilioleculampackingof the chessboard type
(CB, Fig. 11b, cand 12b, c).

In addition summarizing the data collected in Tabler&yiew paperH#11 further
exploitsthe literature data available foyclodextrin complexes with aromatic gugstthymol,
carvacro] and eugenolas well asavailable data for theomplexesof the smallest cyclodextrin

with bicyclic terpenoidg (+)- and € )-borneolas well as (+)and ¢ )-camphor.

Publication H#2 deals with the problem of the separation of isomeric terpenes.
Commercially available camphene is contaminated with ferechidrese two compounds differ
only in the position of the two methglibstituentén thestructure b- cyclodextrinformswith both
compoundshehostguesttcomplexesof 1:1 stoichiometry with the same association constant value

for both enantiomers of a given compound. The enantiomers (+) were chosen for the studies on
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separatiomf regioisomersTheb- CD/ffenchem® complexs charactared by a slightly higher value

of the associatiogonstantthan the corresponding compound with camphene (297 and 270 M
respectively). This suggests the possibiliteparatiorof the two compounds through the use of
complexation wittb- CD; however, the small difference betweendisociatiortonstants of these
complexes makeselecting the righseparatiormethodchallenging The addition of 14lioxane

to thecamphene/fenchene solution in water results in fast precipitdtlom compositn of the
precipitatevas examined bthesolid state'H NMR. It consisted of a mixture & CD complexes,
where the ratio of thb- CD/(+)-camphene t- CD/(+)-fenchenevas identical to that of the two
isomersin an initial mixture i.e. 98: 2.

As time and temperaturkavea huge impact on the formationlufstguest complexes
the resulting precipitate was recrystallized by addihgo wat er , heating at
then cooled to room temperature. This time, the precipitation occurre® s (72 hours). The
precipitate was in the form of monocrystals, and thayanalysis confirmed the presence of only
one of the complexescharacterized by a greater association confta@D/(+)-fencher. The

schematic separatiaf isomeric terpees isshown in Figure 13

l& E b CD @ @ recrystallization @
+

Fig.13. Thescheme o&eparatiorof isomeric terpenesamphene and fenchene.

Summary:

i A hugenumber ofavailablereportson drug carrierbased omative cyclodextringolic
acidconjugatesas led me to investigate the process of complexation of foliclacat , b-, and
¢ cyclodextrins, as it may affect the inclusion of biologically active compounds by the

aforementioned carriers. | have shown that the smallest cycloddatrms the least stale
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exclusion associatevhile b- andg cyclodextrinsform inclusion compoundsf pseudorotaxas
geometry.

1 | examined the process of dimerization of folic acid in the solution, as well as its influence
on the process alomplexation ofolic acid with natve cyclodextrins.

1 | extendedcomplexationstudies to compounds structurally similar to folic acid, showing
therapeutic properties, especially azdincer. As an example of this type of compound, | chose
pemetrexed, demonstrating that it forms analogouspt®ras with native cyclodextriressfolic

acid, with association constantk£) increasing irtheseriesa- CD << g CD <b- CD.

1 The interactiosof pemetrexed with the smallest cyclodextrin, despite the lack of formation
of the inclusion complex, led me to study the interastiohthis antifolate with the smallest
possible analage of cyclodextrins- methyla-D-glucgpyranoside.These studies proved the
existence of interactions between pemetrexed and hydroxyl groupsetifyla-D-gluco
pyranoside This observation majead in the future tofurther studies concerning molecular
recognition of folic acid and antifolatey receptors based on sifepsugars.

1 For a better understanding of the complexation of folic acid by native cyclodekbtia

acid was divided into smaller subunits: ptexiand pterec acid. The stability of the resulting
complexes increasén the seriesg- CD <b- CD <<a- CD for pterireandg- CD <a- CD <b- CD

for pterac acid. The comparison of data on the complexation of native cyclodextrin with folic acid
pterire, and ptera acid showed that in all casesmplexesf folic acid are much less stable than
complexes formeftom its subunits.

1 The inability to obtain the examined complexes in the form of single crystals prompted me
to perform indepth analysis oévailable crystallographic data concerning complexes of native
cyclodextrins with biologically active compounds, and thus select a group of guest molecules that
would guarantee the posdity of obtaining supramolecular complexes the form of single
crystals. Such compounds are terpenes and their derivatitepenoids. Isynthesizedand
characterized complexes lof cyclodextrin with linear geraniol and )¢linalool; monocyclic, (+)

and € )-menhol, (+)- and € )-isopulego)and (+)- and ¢ )-a-terpineolsas well as bicyclic: alcohol

(- )-isopinocampheol and ketonés) - and ¢ )-camphors.

1 | have developed a method for sepamabfisomeric terpenesvhich are characterized by

similar associatiogonstant - camphene and fenchene.
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