ISSN 2308-8303 (Print) Zurnal organic¢noi ta farmacevti¢noi himii. — 2019. — Vol. 17, Iss. 1 (65) ISSN 2518-1548 (Online)

UDC 547.03+547.562 https://doi.org/10.24959/ophcj.19.958

O. |. Kalchenko', S. O. Cherenok', A. V. Solovyov'?

"Institute of Organic Chemistry, National Academy of Sciences of Ukraine

5, Murmanska str., Kyiv-94, 02660, Ukraine, E-mail: oik@ioch.kiev.ua

2Present address: Department of Chemical and Biomolecular Engineering, University of California,
Berkeley, USA

The chromatographic study of complexation of functionalized
calix[4,8]arenes with aromatic aldehydes

Aim. To study the Host-Guest complexation of octakis(diphenoxyphosphoryloxy)-tetramethylcalix[4]resorcinarene
(PRA), 5,17-bis(N-tolyl-iminomethyl)-25,27-dipropoxycalix[4]arene (IC4A), 5,11,17,23-tetrakis(diisopropoxyphosphonyl)-
25,26,27,28-tetra-propoxycalix[4]arene (PC4A) and oktakis(diethoxyphosphoryloxy)-tert-butylcalix[8]arene (PC8A)
with benzaldehyde, salicylaldehyde, p-anisaldehyde, and veratraldehyde by RP HPLC and molecular modeling
methods.

Results and discussion. The stability constants of Host-Guest complexes (K, = 57 M' — 1649 M-") strongly
depend on the calixarene structure and the aromatic aldehyde nature. The enhancement of the complexing
properties of calixarenes is observed in the row of PRA < IC4A < PC4A < PC8A. The volume of the calixarene
molecular cavity plays the most important role in binding of aldehydes.

Experimental part. The stability constants of calixarene complexes with aldehydes were determined by
RP HPLC method in acetonitrile-water (80 : 20, v/v) solution. The RP HPLC analysis was performed using a
LiChrosorb RP-18 column. Molecular modeling of calixarene complexes was carried out using a Hyper Chem
8.0 program.

Conclusions. The Host-Guest complexation data can be used as a useful tool in design of calixarene based
sensor devices for determination of the aromatic aldehydes in air or preparation of chromatographic phases for
analysis of aldehydes in solutions.

Key words: calixarenes; aromatic aldehydes; inclusion complexes; stability constants; liquid chromatogra-
phy; molecular modeling
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XpomaTorpadiuHe gocnigKeHHs1 KOMNNEKCOyTBOPEHHSA hyHKLioHanizoBaHUX

Kanikc[4,8]apeHiB 3 apomaTMYHUMMK anbaerinamm

Merta. Y pob6oti metogamn O BEPX i MonekynsipHOro MogentoBaHHs BUBYEHO KOMMITEKCOYTBOPEHHS TUMY
[ocnopap-TicTb okTakic(andeHokcudgocdopunoken)-tetpameTunkanikc[4]pesopumHapeHy (PRA), 5,17-6ic(N-
Tonin-imiHomeTnn)-25,27-gunponokcukanikc[4]apeny (IC4A), 5,11,17,23-TeTpakic(aiizonponokcmdocdoHin)-
25,26,27,28-teTpanponokcukanikc[4]lapeHry (PC4A) i oktakic(aieTokcndochopunoken)-TpeT-oyTunkanikc[8lapery
(PC8A) 3 6eH3anbgerigom, caniunnoBum anbaeriaoMm, rn-aHicoBMM anbAerigom i BepaTpoBuM anbAerifgom.

PesynbraTty Ta ix o6roBopeHHs. KoHcTaHTy cTirikocTi komnnekciB Mocnogap-Ticts (K, = 57 M — 1649 M)
3HAYHOIO MIPOIO 3anexaTtb Bif CTPYKTYpu KanikcapeHy i Npypoan apoMaTuyHoro anbaerigy. 36inbweHHs komn-
NeKCoyTBOpIOBanbHUX BMacTMBOCTEN KanikcapeHiB cnoctepiraetecs B pagy PRA < IC4A < PC4A < PCB8A.
HanbinbLu BaxnuBy ponb y 3B’A3yBaHHi anbAerifiB Bigirpae 06’eM MoOnekynspHoi NOpoXXHUHW hyHKLioHanizoBa-
HOro KanikcapeHy.

EkcnepumeHTanbHa YyacTuHa. KOHCTaHTM CTINKOCTI KanikcapeHOBMX KOMMMEKCIB 3 anbAerigjamu Bu3Hava-
nm metogom O® BEPX y posuuHi auetoHiTpun-soga (80 : 20, 3a o6’emom). OP BEPX aHania npoBogunu 3 Bu-
KopuctaHHaMm KoroHku LiChrosorb RP-18. MonekynspHe MogenioBaHHA KOMMNMEKCIB KarnikcapeHy 3AicHioBanm
3a nporpamoto Hyper Chem, Bepcia 8.0.

BucHoBku. OTpumaHi pesynsratii 3 KOMNIEKCOYTBOPEHHS (DYHKLiOHamMi30BaHMX KanikcapeHiB MOXyTb 6yTu
BMKOPUCTaHI AK iHCTPYMEHT Y po3pobLii CEHCOPHUX NMPUCTPOIB Ha OCHOBI KanikcapeHy Arns BUSHAYeHHS anbaeri-
AiB Y NOBITPI, @ TaKoX Y BUrOTOBMIEHHI XpoMaTorpadivHnx das Ana aHanisy anaerigis y posvymHax.

Knroyoei cnoea: kanikcapeHu; apoMaTuU4Hi anbaerian; KOMNIeKCU BKIFOYEHHS; KOHCTaHTU CTINKOCTI; pianHHa
Xpomarorpadisi; MoneKkynspHe MOAENOBaHHS

O. U. KanbueHko, C. A. YepeHok, A. B. ConoBiioB

XpomaTorpachuuyeckoe nccnegoBaHue KOMNIeKcoobpasoBaHMA PyHKLMOHANN30BaHHbIX

kanukc[4,8]apeHOB ¢ apomaTu4ecKUMu anbgerngamm

Uenb. B pabote metogamu O® BIOXKX 1 MonekynspHoro MoaenmpoBaHus n3y4yeHo Kommnrekcoobpaso-
BaHWe Tuna Xo3auH-locTb okTakuc(gmdeHokecndochopunoken)-tetpametunkanmkc[4]pesopunHapeHa (PRA),
5,17-6uc(N-Tonun-ummHomeTn)-25,27-gunponokcukanvkcf4lapena (IC4A), 5,11,17,23-teTpaknc(anm3onponokeu-
dochoHun)-25,26,27,28-tetpanponokcukanukc[4]apeHa (PC4A) n oktakmc(ouatokcndocdOopunoKkem)-TpeT-
oytunkanukc[8]apeHa (PC8A) c 6eH3anbaerngom, canuunioBbiM anbaernaoMm, rn-aHMCoBbIM anbaerMaomM u Be-
paTpoBbIM anbAernaoMm.

Pesynbrathl u ux o6cyxaeHue. KoHcTaHTbl ycTonumMBocTM KomnrekcoB Xo3sinH-TocTb (K, = 57 M — 1649 M)
B 3HAYUTESbHOW CTEMEHM 3aBUCAT OT CTPYKTYpPbI KarmkcapeHa v Nprpoabl apoMaTuyeckoro ansaervaa. MNoebiweHne
KoMnnekcoobpasyoLLumx CBOMNCTB KanukcapeHos Habnoaaetcs B psgy PRA < IC4A < PC4A < PC8A. Hanbonee
Ba)KHYIO POSb B CBA3bIBAHWM apoOMaTUYEeCKUX anbAernaoB Urpaet oobem MoMekynspHOM Nonoctn yHKLMoHa-
NM30BaHHOTO KanukcapeHa.
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JKcnepumMmeHTanbHasa YacTb. KOHCTaHTbl YCTONYMBOCTU KanvMKCcapeHOBbIX KOMMIEKCOB C anbaerngamu
onpegenanu metogom O® BIXXX B pactBope auetoHutpuni-soaa (80 : 20, no oovemy). O BOXKX aHanus npo-
BOAMIN C UCMonb3oBaHMeM KornoHku LiChrosorb RP-18. MonekynspHoe mogennpoBaHue KOMMEeKCoB Kanukca-
peHa OCyLLEeCTBNANM ¢ nomoLlpbto nporpammel Hyper Chem, Bepcusi 8.0.

BbiBoAbl. [NonyyeHHble pe3ynbraThl MO KOMMIEKCO0O6pa3oBaHMIO (OYHKLMOHANM30BaHHbIX KarnukcapeHoB
MOryT ObITb NCNONb30BaHbI NPy Po3paboTke CEHCOPHbLIX YCTPOWCTB AN onpeaeneHns apomaTtmyeckmx anegeru-
[0B B BO3lyXe, a TakKe Mpu U3roTOBMEHMN XxpoMaTorpadmyecknx das ans aHanvaa anbaerugoB B pacTBopax.

Knrovesnie cnoea: kanvkcapeHbl; apoMaTUiecknue anbaernabl; KOMMIEKChbl BKIHOYEHMWS; KOHCTaHTbI YCTOM-
UYMBOCTMU; XXMOKOCTHAs XpoMaTorpadusi; MONeKynsipHOe MoAeNnuMpoBaHmue

Calix[n]arenes [1] are three-dimensional macro-
cyclic compounds constituted by phenolic fragments
linked via methylene bridges. In the 90s David Gutsche
developed the preparative one-pot synthesis of the tert-
butylcalix[4,6,8]arenes based on precision cyclocon-
densation of tert-butylphenol with formaldehyde (or pa-
raform) in the presence of catalytic amounts of sodi-
um hydroxide or potassium hydroxide. In the calix-
arene molecule conditionally the upper (wide) rim
and the lower (narrow) rim are distinguished. The ca-
lixarene family extends to calix[4]resorcinarenes easily
synthesized by cyclocondensation of resorcinol with
aliphatic or aromatic aldehydes catalyzed by hydro-
chloric acid.

Calixarenes are easily amenable for chemical mo-
dification at the upper or the lower rim of the mac-
rocycle. Due to the nanosized three-dimensional ar-
chitecture, calixarenes functionalized with appropri-
ate groups can be recognized with high selectivity,
bind in supramolecular complexes and separate ca-
tions, anions, gases, neutral organic molecules, and
biomolecules with the similar properties [2]. The sup-
ramolecular complexes can be stabilized by various
non-covalent interactions, such as hydrogen bonds,
mt-1t, CH-Tt, cation-m, anion-m, van der Waals, solvato-
phobic interactions, etc. The unique receptor prop-
erties provide broad prospects for the practical use
of calixarenes in different fields of chemistry, biology,
physics, nanotechnology [3-17].

In this paper the Host-Guest complexation of oc-
takis(diphenoxyphosphoryloxy)-tetramethylcalix
[4]resorcinarene (PRA), 5,17-bis(N-tolyl-iminomethyl)-
25,27-dipropoxy-calix[4]arene (IC4A), 5,11,17,23-
tetrakis(diisopropoxyphosphonyl)-25,26,27,28-tetra-
propoxycalix[4]arene (PC4A) and oktakis(diethoxy-
phosphoryloxy)-tert-butylcalix[8]arene (PC8A) with
benzaldehyde 1, salicylaldehyde 2, p-anisaldehyde
3, and veratraldehyde 4 (Scheme) was studied by
RP HPLC and molecular modeling methods.

Since the aromatic aldehydes are widely used as
starting materials or aromatic ingredients in pharma-
ceutical and cosmetics industry [18, 19], the Host-
Guest complexation data can be used as a useful tool
in design of calixarene based sensor devices for de-
termination of the aromatic aldehydes in air or pre-
paration of chromatographic phases for analysis of
compounds in solutions.

Results and discussion

Complexation of the calixarenes with aldehydes
was studied in the acetonitrile-water solution by the RP
HPLC method using the approach previously develo-
ped [20, 21]. The stability constants of calixarene
complexes were calculated from the dependence of
the aldehyde retention factor on the concentration
of calixarenes in the mobile phase.

The calixarene additives to the mobile phase de-
crease the retention factors k’ of aldehydes 1-4 due
to formation of the Host-Guest inclusion complexes.
The linear plots of 1/k’vs the calixarene concentra-
tion (Fig. 1-4) indicates formation of the Host-Guest
supramolecular complexes with stoichiometry of 1: 1
and allows using the equation (1) for calculation of
their stability constants K:

1/k’=1/k, + K, x [CA]/k,’, (D

where k,"1 k’ - are capacity factors of the aldehyde
molecule determined in the absence and the presen-
ce of the calixarene in the mobile phase.

The K, values and free Gibbs energies AG of the ca-
lixarene - aldehyde complexes are presented in Table.

As can be seen from Table, the stability constants
(K, =57 M - 1649 M?) strongly depend on the ca-
lixarene structure and the aromatic aldehyde nature.
The enhancement of the complexing properties of ca-
lixarenes is observed in the row of PRA < IC4A < PC4A
< PC8A. The volume of the calixarene molecular cavity
plays the most important role in binding of aldehydes.
PC8A exceeds PRA, IC4A and PC4A by 11-23 times for
benzaldehyde, 6-15 times for salicylic aldehyde, 3-8 ti-
mes for p-anisaldehyde, and 7-15 times for veratral-
dehyde complexation. It should be noted that the sta-
bility constant of the IC4A - benzaldehyde 1 complex
(K, =146 M1) is close to those of the cyclophane - ben-
zaldehyde complex (K, = 120 M) described in [22].

The calixarene Host-Guest complexes can be sta-
bilized by hydrogen bonds, Van der Waals, mt-m, C-H-,
and hydrophobic interactions. The role of the hydro-
phobic interaction is confirmed by the linear depen-
dences of the binding constants K, on the log P of al-
dehydes (Fig. 5).

The intermolecular hydrogen bonds between the Host
and Guest molecules are clearly manifested in the energy
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Scheme. Calix[4]arenes PRA, IC4A, PC4A and PC8A (Hosts), and benzaldehyde 1, salicylaldehyde 2, p-anisaldehyde 3

and veratraldehyde 4 (Guests)

minimized structures of the IC4A, PC4A, PC8A comp-
lexes with salicylaldehyde (Fig. 6). In the IC4A comp-
lex, the molecule of salicylaldehyde is included into
the molecular cavity of the calixarene. In this case,
the aldehyde hydroxyl group forms a hydrogen bond
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Fig. 1. Plots of 1/k’ for aldehydes 1-4 vs the PRA concentration
in the mobile phase (R? = 0.94-0.98)
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with the OH group oxygen atom on the lower rim of
the macrocycle (O-H**O distance 2.84 A).

In the inclusion complexes of PC4A and PC8A
the salicylaldehyde OH group is associated with oxy-
gen atoms of P=0 groups located at the upper or the lo-
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Fig. 2. Plots of 1/k’ for aldehydes 1-4 vs the IC4A concentration
in the mobile phase (R? = 0.96-0.99)
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Fig. 3. Plots of 1/k’ for aldehydes 1-4 vs the PC4A concentration
in the mobile phase (R? = 0.95-0.99)
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Fig. 4. Plots of 1/k’ for aldehydes 1-4 vs the PC8A concentration
in the mobile phase (R? = 0.97-0.99)

Table
The values of K, (M) and AG (kJ/mol) of the complexes PRA, IC4A, PC4A,
and PC8A with aldehydes 1-4 (RSD = 8-20 %)
PRA IC4A PC4A PC8A
Aldehyde
K, DG K, DG K, DG K, DG

Benzaldehyde 1 97 -11.32 146 -12.33 71 -10.54 1649 -18.32
Salicylaldehyde 2 57 -10.0 142 -12.26 94 -11.24 858 -16.71
p-Anisaldehyde 3 104 -11.49 195 -13.04 242 -13.58 797 -6.68
Veratraldehyde 4 91 -11.16 179 -12.83 112 -11.67 1330 -17.79
wer rim of the macrocycle, respectively. The lengths RP HPLC analysis

of hydrogen bonds O-H'*0=P are 2.38 A for the PC4A
complex and 2.87 A for the PC8A complex.

As itis shown on Fig. 7, the experimental free Gibbs
energies AG of calixarene complexes (Table) well cor-
relate with relative energies AAE of these complexes
calculated by the molecular modeling method.

Experimental part

Calixarenes were synthesized by the methods early
described: PRA [27],1C4A [28], PC4A [29] and PC8A [20].
Acetonitrile was obtained from Acros Organics (Thermo
Fisher Scientific, New Jersey, USA) and aldehydes were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Fig. 5. Correlation of K, of the calixarene complexes with log
P of benzaldehyde 1 (1.50) [23], salicylaldehyde 2 (1.80) [24],
p-anisaldehyde 3 (1.53) [25], veratraldehyde 4 (1.61) [26].
r=0.94 (PRA), 0.73 (IC4A), 0.88 (PC4A) and 0.89 (PC8A)

The RP HPLC analysis was performed using the li-
quid chromatographic system (Hitachi, Ltd., Tokyo,
Japan). The column (250 x 4.6 mm i.d.) was packed
with LiChrosorb RP-18 (Merck, Darmstadt, Germany).
Experiments were performed in isocratic conditions.
The acetonitrile-water (80 : 20, v/v) mixture was used
as a mobile phase. The calixarene concentrations in
the mobile phases were 0.05-0.6 mM. The UV detec-
tor was operated at 254 nm, and the flow rate was

Fig. 6. The energy minimized structures of the Host-Guest
complexes of salicylaldehyde with: IC4A (a), PC4A (b)
and PC8A (c). Hydrogen bonds are shown as dotted lines
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Fig. 7. Correlation of experimental values of free Gibbs energies
AG of the calixarene complexes with relative energies AAE of these
complexes calculated by the molecular modeling method

0.8 ml/min. The samples of aldehydes for injections
were dissolved in the same acetonitrile-water (80 : 20,v/v)
mixture (C = 0.01 mM). All chromatograms were ob-
tained at 26 °C. The mobile phase contained the calix-
arene additive was equilibrated for 3 h before the ana-
lysis. Under these conditions the LiChrosorb RP-18
column was saturated with the calixarene additive.

Molecular modeling

Molecular modeling of calixarene complexes was
carried out using a Hyper Chem 8.0 program in the for-
ce field (PM3) [30]. The structures were calculated
by the semi-empirical method. The RMS (standard

deviation of the word root mean square) gradient
was equal to 0.01 kcal/A mol.

Conclusions

Calix[4]arenes functionalized with two N-tolyl-
iminomethyl groups or four diisopropoxyphosphonyl
groups at the upper rim, calix[8]arene functionalized
with eight diisopropoxyphosphoryl groups at the lo-
wer rim, and calix[4]resorcinarene functionalized with
eight diphenoxyphosphoryl groups at the upper rim
form the Host-Guest inclusion complexes with the aro-
matic aldehydes in acetonitrile-water solutions. The sta-
bility constants of the complexes (K, =57 M - 1649 M)
strongly depend on the calixarene structure and the aro-
matic aldehyde nature. The enhancement of the com-
plexing properties of calixarenes is observed in the row:
PRA <IC4A < PC4A < PC8A. The Host-Guest complexa-
tion data can be used as a useful tool in design of
calixarene based sensor devices for determination
vapors of aldehydes in air or preparation of chro-
matographic phases for the analysis of aldehydes in
solutions.
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interests to declare.
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