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Synthesis of Cucurbit[6]uril Using 1-Hydroxyethylidene-1,1-Diphosphonic Acid
as a “Green Catalyst”

Glycoluril (2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione) and its derivatives have a special place in chemis-
try of heterocyclic compounds. The macrocyclic derivatives of:glycoluril, namely cucurbit[n]urils have re-
cently attracted the greatest interest due to their unique properties. Cucurbit[n]urils are usually synthesized by
the condensation reaction of glycoluril with paraformaldehyde using strong mineral acids as a catalyst. In this
work, 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) was used for the first time as a catalyst for “Green
chemistry” in the synthesis of cucurbit[6]uril in an aqueous medium. The reaction of glycoluril and paraform-
aldehyde in a ratio of 1: 2 with two equivalents of 1-hydroxyethylidene-1,1-diphosphonic acid as a catalyst
was carried out, in which the hexamer of cucurbituril (n'=6) was obtained in 25 % yield. The clathrate of cu-
curbit[6]uril with acetone was obtained by treating the cucurbituril hexamer with acetone. The reaction of
glycoluril with paraformaldehyde in the:presence of HEDP can be used as a competitive method for the syn-
thesis of cucurbit[6]uril. The structures of the obtained compounds were proven by NMR and IR spectrosco-
py methods. The phase composition of isolated crystals of cucurbit[6]uril hydrate was analyzed by the pow-
der X-ray diffraction (XRD).

Keywords: cucurbit[6]uril, 1-hydroxyethylidene-1,1-diphosphonic acid, glycoluril, paraformaldehyde, NMR,
“Green” catalyst, oligomer, “guest-host” interactions.

Introduction

2,4,6,8-Tetraazabicyclo[3.3.0.]Joctane-3,7-dione (glycoluril) 1 (Scheme 1) and its derivatives are the
most interesting objects among bicyclic bisureas, which have a special place in the chemistry of heterocyclic
compounds [1]. It has been reflected in the creation of valuable substances in various fields of human activi-
ty such as.disinfectants [2, 3], medicines [4, 5], polymer stabilizers [6], and other important substances and
materials based on these compounds. Geometrical features of glycoluril 1 determined the possibility of syn-
thesis and investigation of macromolecular and supramolecular compounds on its basis [7-21]. Cucur-
bit[n]Jurils (CB[n]) are the main representatives of this type of compounds [9-21]. Macrocycles CB[n] have
a narrowed hydrophobic cavity, which is outlined by two identical polar portals of carbonyl groups (Fig. 1
[16]). Hexamer cucurbit[6]uril CB[6] is the major reaction product due to the favorable deformation and
abundance of hydrogen bonds [17-21].

In recent years, cucurbit[n]urils have attracted the significant interest due to their unique properties
[11]. It is known [11, 16-21], that cucurbit[n]urils CB[n] are usually synthesized by the condensation reac-
tion of glycoluril 1 with formaldehyde or paraformaldehyde in solutions of strong mineral acids at tempera-
tures above 50 °C for a day or more. The use of organic acids in the synthesis of cucurbit[n]urils CB[n] is
limited only by the use of methanesulfonic acid [21].
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Figure 1. Cucurbit[n]urils, CB[n], n=5, 6, 7, 8, 10.

More recently, in a number of works [22-25] it was shown that 1-hydroxyethylidene-1,1-diphosphonic
acid (HEDP) proved to be a convenient “green” catalyst in heterocyclization reactions. 1-Hydroxyethylidene
diphosphonic acid (HEDP) is known for its anti-corrosion properties. It is used as a‘retardant in concrete,
scale and corrosion inhibition in circulating cool water system, oil field and low-pressure boilers in fields
such as electric power, chemical industry, metallurgy, fertilizer, etc [26]. The HEDP substance decomposes
at a temperature of about 250 °C, and decomposes in aqueous solutions at 140 °C.[26]: In natural water bod-
ies, HEDP rapidly decomposes under the action of ultraviolet light, and the decemposition products are used
as fertilizers [27].

In this work, we first carried out the synthesis of cucurbit[6]uril CB[6].in_the presence of HEDP as a

“green” catalyst (Scheme 1).
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Scheme 1. The synthesis of cucurbit[6]uril CB[6] in the presence of HEDP

Experimental

NMR spectra were recorded on a Bruker AVANCE 111 HD spectrometer (Bruker Corporation, Germa-
ny) with an operating frequency of 400 and 100 MHz for *H and **C nuclei respectively, in solutions of
DMSO-ds and FsCSOsH. The internal standard was tetramethylsilane (TMS).

IR spectra were recorded on a Nicolet 6700 IR spectrometer, Thermo Fisher Scientific. The samples
were studied by the method of disturbed total internal reflection in the spectral range from 400 to 4000 cm2.

Powder X-ray-diffraction for substance CB[6] was recorded on a Shimadzu XRD 7000 diffractometer
using CuKo radiation at A = 1.54053 A. Reflections were collected from 5 to 50 in 20O with a step of 0.014,
a rate of 20.deg/ min and a step time of 21.49 sat 17 °C.

Synthesis of cucurbit[6]uril hydrate CB[6] using HEDP. Glycoluril 1 (21.4 g, 0.15 mol), HEDP
(61.8 g, 0.30 mol) and 120 ml of water were added to a 250 mL round-bottomed flask equipped with a mag-
netic stir bar. The mixture was heated to 50 °C and then paraformaldehyde (9 g, 0.30 mol) was slowly added,
allowing the solution to stir well. The viscous solution was allowed to stir for 30 min more until the solution
set as a gel, which then was heated to 100 °C resulting in a rapid dissolution of the gel. The reaction mass
was refluxed for 20 h at 100 °C. Then it was allowed to cool down to room temperature. The resulting pre-
cipitate was filtered off and washed with boiling water, after which it was dissolved in boiling 37 % HCI ac-
id. The resulting solution was cooled and left at 0 °C for a week for crystallization. The colorless hexagonal
crystals of cucurbit[6]uril hydrate CB[6] with high purity were formed on the vessel walls. Substance CB[6]
is white powder with a yield of CB[6] 6.3 g (25 %). T. of decomp. is more than 400 °C. IR spectrum, v,
cmt: 3441 (H20), 2927 (CH), 1712 (C = O). *H NMR (400 MHz, FsCSO3H/D,0): & = 5.82 (s. 12H, CH),
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5.58 (d. J=16.4, 12H, CHy), 4.63 (d. J = 16.6, 12H, CHy). **C NMR (101 MHz, FsCSOs;H/D,0): § = 160.21
(C=0), 72.71 (CH), 52.04 (CHy).

The obtained CBJ[6] powder was treated with hot acetone, where the clathrate of hydrate of the cucur-
bit[6]uril with acetone CB[6]A [19] was obtained in a yield of 6.1 g (23 %). The substance CB[6]A is practi-
cally insoluble in concentrated boiling acids HCI, H.SO4 and hardly soluble in FsCSOs;H. T. of decomp. is
more than 400 °C. IR spectrum, v, cm': 3503 (H20), 2998 (CHs), 2933 (CH), 1730 (C=0). 'H NMR
(400 MHz, FsCSO3H/D-0): 6 = 5.81 (d. J = 5.6, 12H, CH), 5.56 (d. J = 13.9, 12H, CH,), 4.61 (d. J = 14.5,
12H, CHy), 2.67 (s, 3H, CHs). *C NMR (101 MHz, F;CSO3H/D20): & = 198.49 (C=0acetone), 160.11 (C=0),
72.68 (CH), 51.87 (CHy), 29.97 (CH3 acetone)-

Results and Discussion

The reaction (Scheme 1) of glycoluril 1 and paraformaldehyde in a ratio of 1:2 was carried out with the
traditional procedure [19], but HEDP was used as a catalyst in two equivalents relative to.substrate 1. It was
suggested [28] that HEDP promoted more efficient transfer of glycoluril 1 into solution, which significantly
accelerated the condensation reaction. In the process of carrying out the synthesis of CB[6] upon heating, the
reaction mass was homogenized after 5 minutes. Then, after 20 minutes of reaction; a precipitate formed.
These are intermediate oligomers 2a—c of the cucurbit[6]uril CB[6] synthesis [18], the proposed structures of
which are shown in Scheme 2.
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Scheme 2. Formation of cucurbit[6]uril CB[n] by stepwise oligomerization

The reaction mixture was heated for 20 hours and then left to stand in a cold place overnight to crystal-
lize the precipitate, which was isolated and washed with hot water. When the washing solution was cooled,
precipitates of intermediate oligomers 2a—c precipitated. According to the NMR results of the reaction mix-
ture, glycoluril 1 reacted completely.

In the *H NMR spectrum (DMSO-ds) of oligomers 2a—c, there are multiplets of the main signals of the
structure, namely chemical shifts of NH-groups are found at & 7.68—7.99 ppm, signals of protons of the me-
thine group CH-CH are resonated at 6 5.26-5.60 ppm, and the chemical shifts of the protons of the meth-
ylene N-CH2-N groups are at & 4.24-4.90 ppm (Fig. 2, a).
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Oligomers 2a—c, 1H NMR spectrum (401 MHz, DMSO-d6) Oligomers 2a—c, 13C NMR spectrum (101 MHz, DMSO-d6)
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Figure 2. The NMR spectra of oligomers 2a—c in DMSO-dg

In the ¥*C NMR spectrum (DMSO-ds) of oligomers 2a—c, chemical shifts are. observed at &
51.8-52.3 ppm, 6 64.7-70.6 ppm and ¢ 155.2—158.3 ppm, which refer to carbon atoms-of N-CH.-N, CH-CH
and C=0, respectively (Fig. 2, b). In the IR spectrum of oligomers 2a—c there are characteristic absorption
bands indicating the linearity of the structure of the obtained substances, namely the band at 3231 cm™ cor-
responds to NH-groups and the band at 1673 cm™ corresponds to amide C=0-groups.

The formation of acyclic structures 2a—c shows that HEDP acts as a trigger for the formation of a linear
platform for further thermodynamically cyclization to cucurbit[n]urils CB[n}'in an aqueous medium. The
obtained cucurbit[6]uril CB[6] and non-cyclized oligomers with ahigh molecular weight are equally insolu-
ble in water, which makes it difficult to isolate CB[6] from the aqueous medium. In the IR spectrum of the
final precipitate, characteristic absorption bands of C=0-groups of nen-cyclized oligomers (1675 cm!) and
C=0-groups of cucurbit[6]uril CB[6] (1714 cm™) are observed. The characteristic absorption band of C=0-
groups of cucurbit[6]uril CB[6] is shifted to short-wavelength region due to the resonance of the negative
charge of the carbamide group of the cavity of cucurbit[6]uril CB[6].

Isolation and purification of cucurbit[6]uril CB[6] was carried out in accordance with the procedure
[19]. The separated precipitate was dissolved'in boiling 37 % acid HCI and left in the cold place. After a
week, colorless hexagonal crystals of cucurbit[6]uril CB[6] hydrate were obtained.

Due to the low solubility of cucurbit[6]uril CB[6], NMR spectra were recorded in a trifluoromethane-
sulfonic acid solution (Fig. 3a, b).

CB[6], 1H NMR spectrum (401 MHz, F3CSO3H) CB[6], 13C NMR (101 MHz, F3CSO3H)
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Figure 3. The NMR spectra of CBJ[6] in F3CSO3H

The recorded NMR spectra of the substance CBJ[6] (Fig. 3a, b), in general, are identical to those previ-
ously recorded in the solvent DCI [18, 19].

We additionally analyzed the phase composition of the isolated crystals of cucurbit[6]uril hydrate
CB[6] by the powder X-ray diffraction (XRD) (Fig. 4). XRD analysis showed that the type of crystal lattice
and phase composition of crystals of cucurbit[6]uril hydrate CBJ[6] obtained in the presence of HEDP was
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identical to crystals of cucurbit[6]uril hydrate CB[6]*4.66 H.O [19], which were synthesized in the presence
of HCI acid as a catalyst.

Intensity (a.u.)

10,0 15,0 20,0 25,0 e30,0 35,0 40,0 45,0
2

Figure 4. XRD of powder crystals of the isolated hydrate cucurbit[6]uril CB[6] structure (red line)
and the corresponding theoretical picture of hydrate cucurbit[6]uril, (black line)

The clathrate of cucurbit[6]uril with acetone CB[6]A was obtained by treating the substance CB[6]
with hot acetone. Substance CBI[6]A is insoluble in concentrated acids HCI, H2SO,4 and slightly soluble in
F3sCSO3H acid. The structure of CB[6]A was investigated by IR- and NMR spectroscopy (Fig. 5a, b).
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Figure 5. The NMR spectra of CB[6]A in FsCSOsH

Previously, ac¢similar clathrate [19], was described using X-ray diffraction analysis, the structure of
which was a composition-of .one CBJ[6] per one acetone and eight water molecules. In our case, according to
NMR data, the ratio of CB[6] and acetone molecules was also 1:1 in the clathrate. In the NMR spectra
(Fig. 5a, b) ofthe clathrate CB[6]A, in addition to the main chemical shifts of cucurbit[6]uril CB[6], there
are chemical shifts of acetone.

“Guest-host” interactions in cucurbit[n]uril chemistry have been studied in detail [11], and ion-dipole
and dipole-dipole interactions are considered as the main driving forces for binding various guests (acetone)
with CB[6]. Dipole-dipole interactions are shown in NMR spectra, where in the *C NMR spectrum the peak
of the C=0 group of acetone is shielding by an average of 8 ppm (Fig. 5b), and in the *H NMR spectrum the
chemical shift of the CHs-groups of acetone is deshielding by an average of 0.3 ppm (Fig. 5a), relative to
chemical shifts of a free acetone molecule.

Conclusions

Thus, HEDP has been first used in the synthesis of cucurbit[6]uril as a catalyst for “green chemistry” in
an aqueous medium. It has been shown that HEDP not only forms linear structures, but also cyclizes oligo-
mers into cucurbit[n]urils, where the most probable and stable hexamer of cucurbituril (n = 6) is obtained in
25 % yield.

CHEMISTRY Series. Ne 4(108)/2022 9
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The reaction of glycoluril with paraformaldehyde in the presence of HEDP can be used as a competitive
method for the synthesis of cucurbit[6]uril. The advantages of using HEDP are in the “green” synthesis con-
ditions and in the rapidity of the formation of the crystal structure of cucurbit[6]uril CB[6] hydrate, however,
at the purification stage it is necessary to use mineral acids to separate linear products with similar solubility
in water.
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C.IO. [Tanmmna, A.A. bakubaes, A.H. I'yciaxos, B.C. Mankos

Kykypout|[6]ypuaain cunresi 1-ruapokendtan-1,1-1udochon KbINKbIIBIH
«KaChLI KaTAJIN3aTOP» peTiHAe naigajgany

Tereponnkini KOCBUIBICTap XUMHACHIHAA TIHKOmMypui (2,4,6,8-terpaaazadbunmkio|3.3.0]okran-3,7-010H)
JKOHE OHBIH TYBIH/BLIAPHI SPEKIe OPBIH ajlajbl. ATan aiTKaHAa, MIMKOJYPHIAIH MaKpOLUKIIAL TYBIHBUIAPEI,
KyKypOuT[n]ypunzaep, e3iHiH Oipereil kacuerrepiHe OailIaHBICTBI COHFBI YaKbITTa YJIKEH KBI3BIFYIIBUIBIK
Tyasipabl. KykypOut[n]ypunnep oneTTe Katanu3aTop peTiHae KYIITi MUHepalabl KbIIKbULAAPAbI aiianana
OTBIPBIN, TIHKOIYPWIAIH HapagopManbaeruineH KOHICHCALMSIAHY PEeaKIHAChl apKbUIbl CHHTE3JENe]].
JKaxprama Gipkarap 3eprreynep 1-ruapokcmsTan-1,1-mudocdon kemkeuIbHEEH (O31P) retepormkmm3anus
PpeaKIysIAPBIH A BIHFAMIIBI «OKACHID» KaTalM3aTop eKeHIH Joneneni. By )yMbIcTa Cybl OpTalaFbl «Kachll
XUMHSD) KaTallM3aTophl PETiHAE KyKypOWT[6]ypmn cuHTe3iHAe |-rmapokcudTaH-1,1-mudocdoH KBIMIKBLIIEI
aJFanl peT KOJNAaHBUTFaH. | THKOIYpHII MeH mapadopMalbIeTHATIH KaTaIu3aTop PeTiHae €Ki SKBUBAJICHTTI 1-
THIPOKCHATaH-1,1-muhochoH KBIMIKBUIBIMEH 1:2 KaThIHACBIHIA PEAKIUICHl SKyprisingi, myHma 25 %
IIBIFBIMAA  KyKypOuTypws  rekcamep (N=6) ambiasl. OD3JI®  KaThICybIMEH  IJIMKOJIYPHIIIH
rapadopManbAEruANeH peakuuschl KyKypOWT[6]ypwn cuHTe3i yuiiH OacekerekabineTTi omic pertiHzme
nadganaselTysl MYMKiH. OKuaynanraH KyKypOuT[6]ypmil rekcamepsl areToHMeH eHjenin, «KoHak-
KOKalBIH» OpEKEeTTEeCYi apKbUIbl KOCBUIBIC allbIHABL. AJBIHFaH KOCBUIBICTapABIH KyphUIbIMBI SIMP sxone UK
CITEKTPOCKONMACH apKbUIBI ponenaeHl. KykypOur[6]ypua TuapaThIHBIH OKMIAyJTaHFAaH KPHCTaIJapBIHBIH
(hasanbIK KypaMel YHTAK peHTreHik qudpakmusamer (POT) cunarranger. POT Tangays! KpECTAIIBIK TOPIBIH
Typi MeH l-ruapokcudTtad-1,1-nudochoH KBIIKBEI KaTBICYBIMEH aJbIHFaH KyKypOWT[6]ypmn ruzmpar
KPHCTAIIapbIHBIH (Da3anblK KYpaMbl KIACCHKAIBIK dHICTEPMEH CHHTE3IeNTeH KyKypOuT(6]ypuil THIpaTHIHBIH
KpHUCTaniapeIMeH OipAeit ekeHiH KOpCeTTi.

Kinm ceszdep: xkykypout[6]ypwmi, l-runpoxcustan-1,1-aupocdoH KbIIIKBUIBI, TIUKOIYypHI, mapadopmaiib-
nerun, SIMP, «kaceun katanuzarop, oiauromep, « KoHak-KoxkailbIiH» opeKkeTTecyi.
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S.Yu. Panshina, A.A. Bakibaev et al.

C.IO. [Nanmmna, A.A. bakubaes, A.H. I'ycnsikos, B.C. ManbkoB

CuHTe3 KYKypOuT[6]ypHiia ¢ ucnoab3oBanueMm l-ruapokcudTad-1,1-1udochoHoBoii
KHCJOThI B KA4eCTBE «3eJIEHOT0» KaTajlu3aTopa

B XxumuM TeTepOUMKINYECKUX COCAMHEHUH 0c000e MECTO 3aHMMAaT TiHKoIypun (2,4,6,8-Terpaaasa-
6urmkio[3.3.0]okran-3,7-a1oH) u ero npousBoaHsie. OcOOCHHO B MOCIHEqHEe BpeMsi HAaHOOBIINH HHTEPEC
BBI3BIBAIOT MAKPOIMKINYECKHE MTPOH3BOIHbBIE TIUKOIypHIa — KyKypOUT[n]ypHIibl, 4TO CBA3aHO C MX YHH-
KaJbHBIMU cBoWcTBaMHU. KyKkypOuT[n]ypuiasl 0ObIYHO CHHTE3UPYIOT peakiiell KOHASHCAUH TIHKOIypuiIa ¢
napadopMabIEruIoM C HCIOJIb30BaHUEM CHIIBHBIX MHHEPAIBHBIX KHUCIOT B KauecTBe Karaiusatopa. Co-
BCEM HEZABHO B psze paboT ObUIO NOKa3aHo, 4To 1-ruapokcuatan-1,1-mudochonosas kuciaora (O3dD) oxa-
3a1ach YHOOHBIM «3€JICHBIM» KaTaIM3aTOPOM B PEaKLHIX I'eTepOnUKIN3aly. B Hacrosmeil pabore Hamu
BIEpBbIe ObITa MCHONB30BaHa 1-THapokcusTan-1,1-nudocdonoBas kuciora B CHHTE3e KyKypOHT[6]ypuna B
KauecTBe KaTalnu3aTropa «3eJlIeHOi» XUMHUH B BOJHOH cpene. [IpoBeneHa peakius IIHKOIypwiia U napadop-
MaJbJeTHIa B COOTHOIIECHUH 1:2 ¢ nByMs SKBHBaNeHTaMu l-runpoxcuataH-1,1-nudocdoHoBOM KHCIOTH B
KauecTBe KaTalM3aTopa, Ije rekcamep KyKypoutypuia (n = 6) moiydeH ¢ BeIxogoM 25 %. Peakuuro mimko-
aypuia ¢ napadopmanbaeruiom B npucyrctBun O3/[d MOXHO HCHONIBb30BaTh KaK KOHKYPEHTHBIH METOA
CHHTe3a KyKypOuT[6]ypuina. Beinenennslii rekcamep KyKypOuT[6]ypuiaa obpabaTbiBaiy aeTOHOM, €. MOJY-
YEHHEM COEJUHEHUS IO TUIy B3aUMOAEHCTBHS «TOCTb—X03SUH». CTpOeHUE MOTyYeHHBIX COSAMHEHNH T0Ka-
3aHo0 Merogamu SIMP u UK-cnekrpockomuu. @a30BbIi COCTaB BBLIEIEHHBIX KPHCTAJUIOB KYKyp-
OouT[6]yprnruapara oxapakTepHU30BaH METOIOM HOpomKkoBoil pentreHorpadun (PPA). POA ananmus moka-
3aJ1, 4YTO TUII KPUCTAJUIMIECKON PEIleTKH M (a30BbIH COCTaB KPUCTAILIOB TUApaTta KyKypOuT[6]ypuna, moiy-
4yeHHbIX B mpucyrctBud O3/, MIEHTHYHBI KpUCTAUIaM THApata KyKypOHWT[6]ypuia, CHHTE3HpYyeMbIM
KJTACCHYECKHMH METOJaMH.

Kniouesvie cnosa: xykypout[6|ypur; 1-runpokxcustan-1,1-1upochoHoBas KHCIOTA; TIUKOIYPWT; napadop-
Manbaeru; SIMP; «3eneHslity katanu3aTtop, OJIUroMep, B3aUMOACHCTBUS «TOCTb—XO035UH».
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