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A water-soluble catalyst based on ruthenium(0) nanoparticles stabilized with co polymer 
based on β-cyclodextrin and epichlorohydrin was synthesized and characterized by trans-
mission electron microscopy, small-angle X-ray scattering, and X-ray photoelectron spectro-
scopy. The catalyst obtained was tested in the hydrogenation of various substrates, such 
as aromatic and unsaturated compounds, phenols, levulinic acid and its esters for the fi rst 
time. The catalyst activity was found to depend considerably on the substrate polarity and size. 
The size of the non-polar moiety of the substrate was that specifying its propensity to form 
inclusion complexes with β-cyclodextrin moieties of the carrier. For aromatic compounds, 
the latter acted as a protecting group. 
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In recent years, nanostructured systems based on 
metal nanoparticles,1 oxides,2 sulfi des,3 and phos-
phides4 became particularly important for catalysis 
due to their small sizes, high dispersity, and, as 
a result, high total specifi c surface area, which pro-
vides a high reaction rate and turnover frequency. To 
stabilize these systems, both ordered carriers based 
on carbon materials,5 silica, zeolites and natural 
clays,6 alumina, titania, and ceria,7 hybrid organic-
inorganic materials,8 and various organic ligands 
with donor atoms (O, N, P, and S)9,10 are widely 
used. Of particular interest are polymeric11,12 and 
macrocyclic ligands13,14 capable of forming supra-
molecular assemblies with a substrate due to a com-
bination of electrostatic, van der Waals, hydrophobic, 
π—π-interactions and hydrogen bonds.11—14 These 
supramolecular systems aff ect the substrate orienta-
tion relative to the catalytically active site, and thus 
can not only considerably increase its conversion 
rate, but also provide unusual substrate selectivity 
and regiospecifi city of the reaction.11—14 

An important feature of macrocyclic receptor 
molecules, such as crown ethers, cryptands, calix- 
and pillararenes, cucurbiturils and cyclodextrins, is 

their ability for molecular recognition, which mani-
fests itself in the "capture" of ions or organic mole-
cules of the appropriate size by the macrocycle due 
to electrostatic or hydrophobic interactions with the 
formation of guest—host complexes.13,14 Among 
these molecules, it is worth to note cyclodextrins, 
which are the natural cyclic oligomers consisting of 
α-D-glucopyranose fragments linked by α-(14)-
glycosidic bonds.15 The most common are α-, β-, 
and γ-cyclodextrins (CDs), which consist of six, 
seven, and eight glucopyranose fragments of 5.7, 7.8, 
and 9.5 Å in size, respectively.16 
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The combination of a hydrophilic surface and 
a hydrophobic cavity in the structure of cyclodextrins 
(Fig. 1) ensures their ability to form guest—host-type 
inclusion complexes in polar media with organic 
molecules of appropriate sizes and their transfer into 
the aqueous phase.16,17 Modifi cation of cyclodextrin 
hydroxyl groups makes it possible to considerably 
change both the binding constants of the guest 
molecules and their orientation in the cyclodextrin 
cavity.17,18 

The use of cyclodextrins for the stabilization of 
metal nanoparticles (NPs) makes it possible to obtain 
highly selective catalysts that ensure a high conver-
sion of the substrate, including under conditions of 
two-phase reactions. Thus, the use of catalysts based 

on ruthenium NPs stabilized with methylated cyclo-
dextrins in the hydrogenation of styrene or allylben-
zene in an aqueous medium made it possible to 
control the selectivity of the reaction by varying 
the size and methylation degree of cyclodextrin.19 
A catalyst based on rhodium NPs stabilized by β-CD 
cross-linked with an alt-copolymer of maleic an-
hydride and methyl vinyl ether provided exhaustive 
hydrogenation of alkenes and aromatic compounds 
under two-phase conditions20 and a 100% selectivity 
for cyclohexanone in phenol hydrogenation for reac-
tions carried out not only in an ionic liquid medium, 
but also in water even under the excess hydrogen 
pressure and a considerable reaction time.21 Ruthe-
nium nanoparticles, stabilized with β-CD cross-
linked with polyethylene glycol (PEG) diglycidyl 
ether, proved to be effi  cient and selective catalysts 
for the hydrogenation of levulinic acid (LA) to 
γ-valerolactone (γ-VL) in an aqueous medium com-
pared to the traditional Ru/C catalyst.22 

Water-soluble polymers based on cyclodextrins 
cross-linked with epichlorohydrin are the simplest 
and most promising materials for the stabilization of 
metal NPs in an aqueous medium. As a rule, they 
are a mixture of branched polyglycidyl oligomers 
containing one or several cyclodextrin moieties, the 
composition and properties of which are considerably 
dependent on the synthesis conditions.23—25 In this 
work, we propose to use a new catalytic system based 
on ruthenium NPs dispersed in an aqueous medium 
and stabilized with a low molecular weight polymer 
of this type for hydrogenation. Attaching the β-CD 
moieties to the stabilizing surface layer of the NPs 
makes it possible to achieve high effi  ciency and, in 
some cases, unusual substrate selectivity in the hy-
drogenation of aromatic and unsaturated com-
pounds, phenols, LA and its esters. 

Fig. 1. Schematic representation of a β-cyclodextrin (β-CD) 
molecule:16 1, upper rim (primary hydroxyl groups), 2, hydro-
phobic cavity, 3, lower rim (secondary hydroxyl groups); d = 7.8 Å. 
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Experimental 

Reagents. The following chemicals were used for the 
synthesis of catalytic systems: β-cyclodextrin (β-CD) 
(α-C6H10O5)7•x H2O (x = 0—1) (99%, Acros Organics, 
Hungary), epichlorohydrin CH2OCHCH2Cl (99%, 
Aldrich, Germany), NaOH (reagent grade, Kompo nent-
Reaktiv, Russia), concentrated HCl (reagent grade, 
Komponent-Reaktiv, Russia), RuCl3•xH2O (x = 0—3) 
(pure grade, 47.80% content of Ru, Aurat JSC, Russia); 
sodium borohydride NaBH4 (≥98%, Aldrich, USA). The 
following reagents were used as substrates and standards: 
benzene (analytical grade, IREA 2000, Russia); cyclo-
hexane (pure grade, Reakhim, Russia); cyclohexene (99%, 
Aldrich, Germany); biphenyl (99.5%, Aldrich, Germany); 
trans-stilbene trans-C6H5–CH2=CH2—C6H5 (99%, 
Aldrich, Germany); phenol (pure grade, Reakhim, Russia); 
cyclohexanol (Ferak, Germany); cyclohexanone (Jena-
pharm Apolda, pro analysi, Germany); 2-cyclohexenone 
(≥95%, Aldrich); 4-tert-butylphenol (97%, Lancaster, 
UK); tert-butylbenzene (pure grade, Reakhim, Russia); 
levulinic acid (98%, Aldrich, Germany). Levulinic acid 
esters (methyl levulinate, ethyl levulinate, and butyl levu-
linate) were obtained according to the standard procedure 
by esterifi cation of levulinic acid with the corresponding 
alcohols in an acid medium.26 Solvents, namely, acetone 
(reagent grade, Komponent-Reaktiv, Russia), diethyl ether 
(C2H5)2O (analytical grade, Ekos-1, Russia), C2H5OH 
(reagent grade, Ekos-1, Russia), propan-2-ol (reagent 
grade, Komponent-Reaktiv, Russia), toluene (analytical 
grade, Ekos-1, Russia), were used without preliminary 
purifi cation. 

Methods and devices. NMR spectra were recorded at 
25 С on a Bruker AVANCE III HD spectrometer using 
a PI HR-BBO400S1-BBF/H/D-5.0-Z SP probe (400.13 
(1H) and 100.62 (13C) МHz) in a stationary magnetic fi eld 
of 9.389 T. The solvents were D2O and DMSO-d6. 
1H NMR spectra were recorded with presaturation of the 
HOD signal, 13C NMR spectra were recorded with broad-
band decoupling from protons (relaxation delay D1 = 2 s, 
number of scans NS = 8000). Chemical shifts of the 1H 
and 13C signals are given relative to the internal standards, 
tetramethylsilane (TMS, δ 0.00) or 3-(trimethylsilyl)-
propanesulfonic acid (DSS, δ 0.015). Mass spectrometry 
with matrix-assisted laser desorption/ionization (MS-
MALDI) was performed on a Bruker Autofl ex Speed 
mass spectrometer equipped with a solid-state laser 
(λ = 355 nm) and a time-of-fl ight detector in the lin-
ear positive ion detection mode, mass scan range m/z 
200—6000. An aqueous solution of 3-aminoquinoline 
(30 mg mL–1) was used as a matrix. Before carrying out 
measurements, aqueous solutions of the matrix and ana-
lytes (2 mg mL–1) were mixed, deposited on a steel target, 
and dried. The data were processed using the Bruker 
Compass 1.4 software package. IR spectra of the carrier 

and catalyst samples were recorded on a Nicolet IR 2000 
Fourier-transform IR spectrometer (Thermo Scientifi c) 
using a Multi-refl ection HATR attachment containing 
a 45 ZnSe crystal to provide multiple frustrations of total 
internal refl ection in the wavelength range 4000—500 cm–1 
with a resolution of 4 cm–1. The bond energies and oxid-
ation states of the elements on the surface of the catalyst 
sample were determined by X-ray photoelectron spectro-
scopy (XPS) on a PREVAC EA15 electron spectrometer. 
The spectra of the samples were recorded using mono-
chromatic radiation of an aluminum anode Al-Kα 
(hν = 1486.6 eV) with a tube voltage of 12 kV, an emission 
current of 20 mA, and a power of 150 W. The pressure in 
the spectrometer chamber during analysis did not exceed 
3.75•10–9 Torr. The preliminary calibration of the en-
ergy scale of the spectrometer corresponded to the follow-
ing values of the peaks of standard samples Ag 3d5/2 
(368.3 eV) and Au 4f7/2 (84.0 eV) of silver and gold foil, 
respectively. The spectra were calibrated taking into ac-
count the surface charge using the C 1s (284.8 eV) and 
O 1s (532.5 eV) lines selected as internal standards. The 
catalyst sample morphology and particle size distribution 
were studied by transmission electron microscopy (TEM) 
on a JEM-2100 JEOL electron microscope with an elec-
tron tube voltage of 100 kV. The sample was dispersed in 
ethanol before being deposited on the substrate. The 
obtained microphotographs were processed using the 
Image J program (https://imagej.net/ĳ /features.html). 
Small-angle X-ray scattering (SAXS) was carried out on 
a BioMUR instrument (Kurchatov Synchrotron Radiation 
Source) with an incident radiation energy of 8.58 keV 
(λ = 1.445 Å).27 The data were recorded on a Dectris 
Pilatus 1 M detector over 60 s. The instrument was pre-
liminarily calibrated using silver behenate (C21H43COOAg). 
To obtain an image, the sample was placed between two 
layers of Kapton tape. The range of scattering vectors s 
was 0.1—5.5 nm–1 (s = 4πsin(θ)/λ, 2θ is the scattering 
angle). Four images were recorded in total and then radi-
ally averaged using the Fit2D Software, followed by 
normalization to the transmitted beam intensity;28 the 
scattering signal of the Kapton tape was subtracted. The 
pair distribution function P(r) was obtained using the 
Primus ATSAS software in the range of scattering vectors 
of 0.15—2.2 nm–1 for the model of polydisperse spheres.29 
The quantitative content of ruthenium in the sample was 
determined by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) on an IRIS Intrepid II XPL 
device (Thermo Electron Corp.) in the radial and axial 
measurement modes at wavelengths of 310 and 95.5 nm. 
Before analysis, the samples were preliminarily treated 
with concentrated H2SO4 (reagent grade, Khimmed) and 
then dissolved in aqua regia. Qualitative and quantitative 
analysis of hydrogenation products was carried out by 
gas-liquid chromatography (GLC) on a ChromPack 
CP9001 chromatograph equipped with a fl ame ionization 
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detector and a capillary column (30 m×0.2 mm) with SE-
30 bonded phase, using known standards for identifi cation. 
Product identifi cation was additionally monitored using 
a Leco Pegasus® GC-HRT 4D time-of-fl ight chromato-
mass spectrometer equipped with a fl ame ionization detec-
tor. The structures of components were established by mass 
spectra using the data of the NIST v.2.3 library dated 
04.05.2017. 

Synthesis of water-soluble cyclodextrin-containing 
polymer β-CD-Glycd was carried out according to the 
procedure.23 β-Cyclodextrin (1.150 g, 1 mmol), NaOH 
(1 g, ~25 mmol), and distilled water (125 mL) were mixed 
in a 150-mL beaker at 20 C. The mixture was kept for 
30 min until the complete dissolution of cyclodextrin (the 
solution acquired a pale yellow color), followed by the 
addition of epichlorohydrin (0.78 mL, 10 mmol) and stir-
ring for another 12 h. The reaction mixture, appearing as 
a transparent aqueous solution of a polymer, was trans-
ferred into a 1-L beaker, the residues were rinsed with 
distilled water (10 mL). Acetone (350 mL) was added to 
the solution to completely stop the reaction. The solution 
became cloudy, then it was neutralized by adding concen-
trated HCl (0.3 mL). The volatile components were re-
moved on a rotary evaporator, the residue was dissolved 
in distilled water (5 mL) and cooled to 0 C. The obtained 
precipitate, a sticky waxy substance with a pale yellow 
color, was separated by decantation and dried on a rotary 
evaporator. To remove the absorbed water from the poly-
mer, the precipitate was additionally treated with acetone 
and diethyl ether at the drying stage. A milky white pow-
der was obtained, the yield was 1.56 g (91.5%). 1H NMR 
(D2O), δ: 4.90–4.89 (br.d, 7 H, HC(1)); 3.92—3.56 (br.m, 
41 H, HC(5),C(6), OCH2CH(OH)CH2O, OCH2CH(OH)-
CH2O); 3.56—3.30 (br.m, 22 H, HC(2),C(3),C(4)). 
13C NMR (D2O), δ: 101.86 (C(1)); 81.09 (C(4)); 73.10 
(C(2)); 72.05 (C(3), C(5)); 71.84 (OCH2CH(OH)CH2O, 
OCH2CH(OH)CH2O); 62.50 (OCH2CH(OH)CH2OH); 
60.23 (C(6)). IR, ν/cm–1: 3490—3080 (O—Hst), 2924 
(C—Hst), 2395—2287 (CO2st), 1875—1630 (H—O—Hδ,ads, 
C—O—H...Oδ); 1456 (CH2δ, C—Hδ,as); 1375 (C—Hδ,sy), 
1155 (CH—OHst), 1065—955 (C—O—Cst), 839 (CH2γ). 
MALDI MS, m/z (Irel (%)): 1157.359 [β-CD + Na]+ 
(100), 1179.255 [β-CD + 2  Na – H]+ (19), 1201.194 
[β-CD + 3 Na – 2 H]+ (7), 1213.409 [β-CD-Glycd – H2O + 
+ Na]+ (68), 1231.387 [β-CD-Glycd + Na]+ (73), 
1253.213 [β-CD-Glycd + 2  Na – H]+ (17), 1269.921 
[β-CD-Glycd + 2 Na – H + H2O]+, [β-CD-Glycd2 – 
– 2 H2O + Na]+ (13); 1275.420 [β-CD-Glycd + 3 Na – 
– 2 H]+ (6), 1287.448 [β-CD-Glycd2 – H2O + Na]+ (39), 
1305.443 [β-CD-Glycd2 + Na]+ (22), 1328.000 [β-CD-
Glycd2 + 2 Na – H]+ (10), 1343.925 [β-CD-Glycd2 + 
+ 2 Na – H + H2O]+, [β-CD-Glycd3 – 2 H2O + Na]+ 
(6); 1350.475 [β-CD-Glycd3 – 3 H2O + 2 Na – H]+ (2), 
1361.511 [β-CD-Glycd3 – H2O + Na]+, [β-CD-Glycd2 + 
+ 2 Na – H + 2 H2O]+ (8); 1384.316 [β-CD-Glycd3 – 

– H2O + 2 Na – H]+, [β-CD-Glycd2 + 3 Na – 2 H + 
+ 2 H2O]+ (6); 1403.24 [β-CD-Glycd2 + 3 Na – 2 H + 
+ 3 H2O]+, [β-CD-Glycd3 + 2 Na – H]+ (4); 1417.945 
[β-CD-Glycd4 – 2 H2O + Na]+, [β-CD-Glycd3 + 2 Na – 
– H + H2O]+ (1); 1436.079 [β-CD-Glycd4 – H2O + Na]+ 
(1); 1458.795 [β-CD-Glycd4 – H2O + 2 Na – H]+ (2); 
2347.810 [β-CD2-Glycd – H2O + Na]+ (4); 2403.781 
[β-CD2-Glycd2 – 2 H2O + Na]+ (5); 2423.036 [β-CD2-
Glycd2 – H2O + Na]+ (6); 2445.759 [β-CD2-Glycd2 – 
– H2O + 2  Na – H]+ (3); 2459.761 [β-CD2-Glycd3 – 
– 3  H2O + Na]+, [β-CD2-Glycd2 + H2O + Na]+ (8); 
2478.070 [β-CD2-Glycd3 – 2 H2O + Na]+ (11); 2497.689 
[β-CD2-Glycd3 – H2O + Na]+ (9); 2516.538 [β-CD2-
Glycd4 – 4H2O + Na]+, [β-CD2-Glycd3 + Na]+ (6); 
2533.121 [β-CD2-Glycd4 – 3 H2O + Na]+, [β-CD2-Glycd4 – 
– 2 H2O + H]+ (10); 2552.410 [β-CD2-Glycd4 – 2 H2O + 
+ Na]+ (9); 2573.129 [β-CD2-Glycd4 – 2 H2O + 2 Na – 
– H]+, [β-CD2-Glycd4 – H2O + Na]+ (6); 2589.846 
[β-CD2-Glycd4 + H + 2 H2O]+, [β-CD2-Glycd5 – 4 H2O + 
+ Na]+ (5); 2608.140 [β-CD2-Glycd5 – 3 H2O + Na]+ 
(4); 2626.33 [β-CD2-Glycd5 – 2  H2O + Na]+ (7); 
2646.420 [β-CD2-Glycd6 – 6 H2O + Na]+ (2); 2662.494 
[β-CD2-Glycd5 + Na]+, [β-CD2-Glycd6 – 4 H2O + Na]+ 
(2); 2680.612 [β-CD2-Glycd6 – 3 H2O + Na]+ (2). 

Synthesis of ruthenium catalyst Ru@β-CD-Glycd based 
on a water-soluble cyclodextrin-containing polymer was 
carried out similarly to the procedures.19,30 Polymer 
β-CD-Glycd (350 mg) and distilled water (20 mL) were 
placed in a 50-mL round bottom fl ask equipped with 
a magnetic stirrer and a refl ux condenser, followed by the 
addition of RuCl3 (35 mg, 0.17 mmol). The mixture was 
stirred at 20 C for 12 h, which was accompanied by 
a change of the color of the solution from yellow-brown 
to black-yellow within 2 h. After the completion of the 
reaction, the water was removed on a rotary evaporator, 
the residue was washed with acetone and dried in air. The 
catalyst precursor (370 mg, 96%) was obtained as a black-
yellow glassy powder. To reduce RuIII to Ru0, the above-
obtained catalyst precursor and 95% ethanol (10 mL) were 
placed in a 50-mL round bottom fl ask equipped with 
a magnetic stirrer and a refl ux condenser. A solution of 
NaBH4 (65 mg, 1.7 mmol) in distilled water (5 mL) was 
added dropwise to the suspension at 20 C with stirring, 
rinsing the residual solution with water (5 mL). The reac-
tion mixture was stirred for 12 h, during which a gradual 
evolution of gas was observed. Then, distilled water 
(10 mL) was added to dissolve the precipitate. The subse-
quent addition of acetone was accompanied by the evolu-
tion of gas and the formation of a black precipitate, which 
was collected by fi ltration. The sticky precipitate was dis-
solved in distilled water (10 mL), dried on a rotary 
evaporator, washed with 95% ethanol to separate the 
obtained borax, and dried in air. A glassy black powder 
was obtained (180 mg, 49%). ICP-AES: 3.27% Ru. 
XPS (eV): 280.5 (Ru/RuOx, Ru 3d5/2, 0.03%); 282.2 
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(RuOx/Ru, RuO2 or RuCl3•xH2O, Ru 3d5/2, 0.35%); 
283.0 (RuO3, Ru 3d5/2, 0.19%); 284.9 (Ru/RuOx, Ru 3d3/2); 
286.4 (RuOx/Ru, RuO2 or RuCl3•x H2O, Ru 3d3/2); 287.3 
(RuO3, Ru 3d3/2); 286.3 (—OCH—CH2OH, —CH(OH)—
CH(OH)—, OCH2CH(OH)CH2O, C 1s, 39.42%); 287.6 
(—O—CH—O—, —CHCH2OH→RuOx, C 1s, 12.57%); 
291.0 (C 1s sat); 461.6 (Ru/RuOx, Ru 3p3/2); 464.3 
(RuOx/Ru, RuO2 or RuCl3•xH2O, Ru 3p3/2); 465.8 
(RuO3, Ru 3p3/2); 530.6 (RuOx, RuO2, RuO3, O 1s, 
3.63%); 532.6 (—CH(OH)—CH(OH)—, —C(H)OCH2-
CH(OH)CH2OC(H)—, —C(H)O—CH—OC(H)—, O 1s, 
32.45%); 534.2 (—C(H)—O…H2O…HO—CH—, O 1s, 
3.79%); 536.6 (CHCH2OH→RuOx, H2ORuOx, H3O+, 
O 1s, 7.56%). IR, ν/cm–1: 3600—3010 (O—Hst, H2O); 
2960—2815 (C—Hst); 1710—1575 (H—O—Hδ,ads, 
C—O—H...Oδ); 1518 (CH2δ, C—Hδ,as); 1315 (C—Hδ,sy), 
1153 (CH—OHst), 1100—885 (C—O—Cst), 874, 841 
(CH2γ). 

Protocol for the catalytic experiments. The catalyst and 
substrate in the required ratio were placed into a steel 
thermostatically controlled autoclave equipped with a glass 
test-tube insert and a magnetic stirrer. Water was added 
in a ratio of 1 μL of H2O per 1 mg (or 1 μL) of the substrate 
(V(substrate) = V(H2O)). The autoclave was sealed, fi lled 
with hydrogen up to a pressure of 30 atm, and connected 
to the termostat. The reaction was carried out at a tem-
perature of 95 C under continuous stirring for the speci-
fi ed reaction time. Then the autoclave was cooled to 10 C 
and depressurized. 

The reaction products were analyzed by GLC. The 
hydrogenation products of aromatic compounds were 
additionally diluted with toluene, while the hydrogenation 
products of phenols, LA and its esters were diluted with 
propan-2-ol. The chromatograms were recorded and 
processed using the Maestro 1.4 program (https://www.
gerstelus.com/product/maestro-software/). The conver-
sion (Conv) was determined from the change in the rela-
tive areas (S, %) of substrate and reaction product peaks 
according to the formula: 

,

where Ssubstr is the relative area of the substrate peak, ∑
i
Spi 

  
 

is the sum of the relative areas of the peaks of all the reac-
tion products. 

The yield of certain hydrogenation product (ωpi) was 
determined as the ratio of the area of the corresponding 
peak Spi to the sum of the peak areas of all the reaction 
products ∑

i
Spi (selectivity) taking into account conversion: 

.

The catalyst activity, defi ned as the reaction turnover 
frequency (TOF), was calculated by the formula: 

,

where vsubstr is the starting amount of the substrate in the 
reaction (mmol), ωpi is the yield of one of the products in 
the unit fractions, ki is the corresponding stoichiometric 
amount of consumed hydrogen, vRu is the starting amount 
of ruthenium in the reaction medium (mmol), t is the 
minimum reaction time for which conversion was deter-
mined. 

Experiments on the catalyst reuse were carried out as 
follows. The catalyst (5 mg, 1.6 μmol of Ru), ethyl levu-
linate (380 μL, 2.68 mmol), and water (380 μL) were 
placed into a steel thermostatically controlled autoclave 
equipped with a glass test-tube insert and a magnetic stirrer, 
after which the autoclave was sealed, fi lled with hydrogen 
to a pressure of 30 atm, and connected to the termostat. 
The reaction was carried out at a temperature of 95 C 
under stirring for 1 h, then the autoclave was cooled to 
10 C and depressurized. Acetone (5 mL) was added to 
the re action products in the glass test-tube, and the mixture 
was allowed to stand for ~30 min. Then the liquid layer 
was separated by decantation and analyzed by GLC. The 
catalyst remaining in the test-tube was dried in air to re-
move residual acetone and used in the next reaction cycle. 

Results and Discussion 

Water-soluble polymer carrier β-CD-Glycd was 
obtained by the reaction of β-CD with epichlorohy-
drin in an aqueous alkaline medium according to the 
previously described procedure using low concentr-
ations of NaOH (pH ≈ 12—13) (Scheme 1).23 

Carrying out polycondensation in a large volume 
of water at room temperature provided not only 
a complete dissolution of β-CD,31 but also made it 
possible to prevent the possibility of gelation.23 In 
this case, the NaOH concentration was <1 wt.%, 
which led to the formation of a linear water-soluble 
polymer,23 which was subsequently used to effi  ciently 
stabilize ruthenium NPs. According to published 
results, mainly secondary hydroxyl groups at the C(2) 
and C(3) atoms of the glucopyranose units in β-CD 
underwent deprotonation under these conditions.23 
The obtained β-CD-Glycd polymer was character-
ized by 1H and 13C NMR spectroscopy and MALDI 
mass spectrometry. The NMR spectra of the β-CD-
Glycd carrier are shown in Figs 2 and 3. The β-CD-
Glycd polymer carrier was highly soluble in water, 
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but insoluble in other polar solvents (DMSO or 
DMF). 

The calculation of the integral intensities of sig-
nals in the δ range of 3.92—3.56 for protons both at 
the C(5) and C(6) atoms in the glucopyranose units 
of β-CD and in the glycidyl fragments with respect 
to the integral intensity of the proton signal at the 
anomeric carbon atom C(1) in the glucopyranose 
units of β-CD (δ = 4.9—4.8) in the 1H NMR spec-
trum with water supression in accordance with the 
procedure23 showed that there were four glyc-
idyl units per cyclodextrin moiety in the ob-
tained polymer: β-CD : Glycd ≈ 1 : 4 (Table 1).23,32 
A comparison of the obtained 13C NMR spectrum 
with the results23 showed the absence of unre-
acted epoxy groups and the presence of hydro-
lyzed glycidyl fragments OCH2CH(OH)CH2OH, 

along with bridging ones, in the final product 
(see Fig. 3). 

It is important to note that the ratio of the integral 
intensities of the characteristic protons in the 1H NMR 
spectrum of the β-CD-Glycd sample (see Fig. 2) 
shows only the average β-CD/Glycd ratio, since the 
resulting β-CD-Glycd carrier is a mixture of oligo-
mers. We note that the signals from several diff erent 
protons are located in the same range simultaneously, 
which makes it impossible to calculate the spin-spin 
coupling constants, among other things. 

MALDI mass spectrometry (Fig. 4) in the positive 
ions registration regime (m/z 200—6000) detected 
signals whose mass numbers corresponded to cation-
ized products of β-CD polycondensation with epi-
chlorohydrin in the aqueous alkaline medium with 
the β-CD : Glycd ratio ranging from 2 : 1 to 1 : 4. It 

Scheme 1

m = 1—4 
R1 = H, CH2CH(OH)CH2OH, CH2CH(OH)CH2O-β-CD, (CH2CH(OH)CH2O)nH, (CH2CH(OH)CH2O)n-β-CD; 
R2 = H, β-CD, (CH2CH(OH)CH2O)nH, (CH2CH(OH)CH2O)n-β-CD 

Fig. 2. 1H NMR spectrum of the β-CD copolymer with epichlorohydrin (β-CD-Glycd) in D2O. 
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Fig. 3. 13C NMR spectrum of the β-CD copolymer with epichlorohydrin (β-CD-Glycd) in D2O. 
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Table 1. Comparison of the integral intensities of proton signals of β-CD and the β-CD-Glycd polymer 
in the 1H NMR spectra 

Signal  δ β-CDa  Signal δ β-CD-Glycdb

HC(1) 4.80 7 H HC(1) 4.91—4.90 7 H
HC(5), HC(6) 3.68—3.55 21 H HС(5), HС(6), 3.92—3.56 41 H
    OCH2CH(OH)CH2O,  
    OCH2CH(OH)CH2O  
HC(3) 3.65—3.46 7 H HС(2), HС(3), HС(4)  3.56—3.30 22 H
HC(2), HC(4) 3.38—3.22 14 H   

a In DMSO-d6. 
b In D2O. 

should be noted that under analysis conditions, upon 
heating under the action of laser radiation, both 
depolymerization and dehydration of the sample 
occur, resulting the formation of epoxy cycles in the 

glycidyl moieties (Scheme 2).33 As a consequence, 
the products of depolymerization are those under-
going desorption/ionization. Therefore, MALDI 
mass spectrometry does not allow us to unambigu-

Scheme 2 
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ously determine the predominance of a particular 
compound in the sample exclusively from the relative 
integral intensity of the corresponding signals, hence 
being mostly qualitative method of analysis. 

It was shown previously33 for β-CD modifi ed 
with polyglycidyl, whose number-average molecular 
weight Mn and the weight-average molecular weight 
Mw, according to gel-permeation chromatography, 
were 2180 and 3950 Da, respectively MALDI mass 
spectrometry did not register polycondensation 
products with m/z > 1899, while peaks with m/z of 
1603 and 1677 being the strongest. According to the 
work,23 the maximum weight-average molecular 
weight Mw for the water-soluble linear β-CD copo-
lymer with epichlorohydrin obtained by this method 
can reach 5000—6000 Da. Moreover, at best, trimers 
and tetramers are identifi ed in the MALDI mass 
spectra. Thus, the MALDI method can be used to 
determine the content of unmodifi ed cyclodextrin 
only approximately. Even taking into account the 
available data on the total area of the peaks, this value 
does not exceed 10%. 

Synthesis of ruthenium nanocatalyst based on 
a cyclo dextrin-containing polymer β-CD-Glycd was 
carried out by analogy with the procedure.19 The 
interaction of the β-CD-Glycd polymer carrier with 
RuCl3 and the subsequent reduction of RuIII to Ru0 
in the presence of NaBH4 at room temperature in 

an aqueous medium led to the formation of a Ru@β-
CD-Glycd nanocatalyst (Scheme 3). The driving 
force of this reaction was the formation of complexes 
between Ru3+ ions and hydroxyl groups of β-cyclo-
dextrin moieties.34—36 Further stabilization of the 
resulting NPs was also achieved through the interac-
tion of surface ruthenium atoms with both primary 
and secondary donor hydroxyl groups of cyclodex-
trin19 and glycidyl fragments.22,37 Like the starting 
polymer, the synthesized Ru@β-CD-Glycd nano-
catalyst dissolved in water and formed a separate 
phase in ethanol. 

It should be noted that the above scheme refl ects 
the stabilization of Ru NPs as rather suggestive. For 
example, it was reported19 that for the steric stabili-
zation of Ru NPs with diameters of about 1.5 nm by 
individual CD, the molar CD/Ru ratio should be 
higher than 3, moreover, it was noted that an excess 
of cyclodextrin was necessary for an eff ective trans-
fer of the substrate between the organic and aqueous 
phases. In our case, β-CD polymers are linked into 
the chain by glycidyl bridges, which can also take 
part in the stabilization of ruthenium NPs. As a re-
sult, the β-CD/Ru ratio may diff er for each indi-
vidual particle of a similar size, and cyclodextrin 
moieties belonging to the diff erent chains of the 
obtained polymer can be involved in the stabilization 
of a single NP. 

Fig. 4. MALDI mass spectrum of the β-CD-Glycd. 
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The obtained Ru@β-CD-Glycd nanocatalyst was 
characterized using TEM, XPS, SAXS, and ICP-AES 
(Figs 5—8). 

It was determined that the Ru@β-CD-Glycd 
sample consisted of highly dispersed, uniformly 
distributed particles (Fig. 5). The average particle 

Scheme 3 

n = 1—4; R = H, CH2CH(OH)CH2OH, CH2CH(OH)CH2O--CD 

Reagents and conditions: i. 1) RuCl3, H2O, 20 C, 12 h; 2) NaBH4, H2O, EtOH, 20 C, 12 h. 
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Fig. 5. TEM image and particle size distribution histogram for the Ru@β-CD-Glycd nanocatalyst. 
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sizes calculated using TEM (see Fig. 5) and SAXS 
results (see Fig. 6) were 1.41 and 0.92 nm, respec-
tively. The discrepancy in the obtained results can 
be explained by the limited resolution of TEM. 
Nevertheless, according to TEM date, 57% of the 
particles belong to the fraction of particles with sizes 
of 1.1—1.3 nm, which is in agreement not only with 
the results of the work19 on the synthesis of Ru NPs 
stabilized with methylated cyclodextrins, but also 
with the SAXS results. This small size of Ru NPs may 
be due to the high β-CD content in the polymer 
carrier with relatively short glycidyl bridges and, as 
a consequence, the predominant role of cyclodextrins 

in the stabilization of NPs. Thus, when PEG digly-
cidyl ether was used as a cross-linking agent for β-CD 
and polypropylenimine (PPI) dendrimers, the aver-
age particle size after the synthesis under similar 
conditions (H2O, 0—20 C) was 1.7—2.2 nm.22,37 

Based on the results of ICP-AES, the Ru content 
in the Ru@β-CD-Glycd sample was 3.27 wt.%. 
According to XPS data, the surface atomic concen-
trations of elements were (at.%): Ru — 0.57, C — 51.99, 
and O — 47.44. Table 2 gives the oxidation states of 
Ru and the bond energies (E) on the sample surface. 

The XPS did not reveal boron (B 1s, 188—193 eV) 
or chlorine (Cl 2p, 198—203 eV) compounds were 

1000

100

I

0.5 1.0 1.5 2.0 s/nm–1

a

20

15

10

5

0

P(r)

5 10 15 20 r/nm

b

Fig. 6. X-ray scattering intensity s at small angles (a) and pair size distribution function (b) for the Ru@β-CD-Glycd nanocatalyst. 

Fig. 7. X-ray photoelectron spectra of the Ru@β-CD-Glycd nanocatalyst: (а) deconvolution of Ru 3d and C 1s lines: Ru/RuOx, 
Ru 3d5/2 (1), RuOx/Ru, RuO2, RuCl3•x H2O, Ru 3d5/2 (2), RuO3, Ru 3d5/2 (3), Ru/RuOx, Ru 3d3/2 (4), —CH(OH)—CH(OH)—, 
OCH2CH(OH)CH2O, С 1s (5), RuOx/Ru, RuO2, RuCl3•x H2O, Ru 3d3/2 (6), RuO3, Ru 3d3/2 (7), —O—CH—O—, —CHCH2OHRuOx, 
С 1s (8), С 1s sat (9); (b) deconvolution of O 1s line: RuOx, RuO2, RuO3 (1), —CH(OH)—CH(OH)—, —C(H)OCH2CH(OH)
CH2OC(H)— (2), —C(H)—O…H2O…HO—CH— (3), CHCH2OH→RuOx, H2O→RuOx, H3O+ (4). 
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present on the surface of the Ru@β-CD-Glycd 
sample. Therefore, the obtained sample did not 
contain NaCl, NaBO2, Na3BO3, or Na2B4O7 impuri-
ties being formed during catalyst synthesis and reduc-
tion of Ru NPs from RuCl3 in the presence of NaBH4. 
Ruthenium was found mainly in the form of surface 
oxides:38—40 RuOx, RuO2, RuO3 (see Table 2, Fig. 7, a), 
which were previously observed for Ru catalysts based 
on polypropylenimine dendrimers cross-linked with 
PEG diglycidyl ether.37 Accordingly, the presence 
of RuO2 and, especially, RuO3 in the XPS spec-
trum of the Ru@β-CD-Glycd catalyst can be ex-
plained by the interaction of surface ruthenium atoms 
with hydroxyl groups of the β-CD moieties37 and 
absorbed water contained in the cyclodextrin,15,41 

the peak of which is clearly visible in the O 1s spec-
trum (see Fig. 7, b).41 The low surface ruthenium 
content (0.57%) may be due to the shielding of Ru 
NPs by β-CD moieties. This assumption is indirectly 
confi rmed by the relatively low (7.7%) fraction of 
ruthenium oxides in the O 1s spectrum. 

In the C 1s spectrum, an increased contribution 
of the signal corresponding to anomeric carbon 
atoms C(1) in the glucopyranose units of β-CD to 
the total intensity is observed (see Fig. 7, a).42—44 
This can be explained by a shift of the electron den-
sity from carbon to oxygen and from oxygen to ru-
thenium at stabilization of NPs: —C(H)δ+  O  Ru, 
—CH2

δ+    O    Ru. According to XPS and IR 
spectroscopy data, the oxidation of primary CH2OH 
groups into aldehyde groups did not occur. Thus, the 
XPS spectrum of the O 1s line (see Fig. 7, b) clearly 
shows a peak with a maximum at a binding energy 
of 532.6 eV, corresponding to single —CH—OH bonds 
in the glycosidic units of the cyclodextrin moi-
eties,42—44 but not C=O bonds (531.0—531.7 eV).44 

In turn, the IR spectra of the starting β-CD and 
the Ru@β-CD-Glycd nanocatalyst showed the al-
most complete overlap of the bands characteristic of 
the C—O and O—H bonds (see Fig. 8). The band at 
1700—1550 cm–1 in both spectra with maxima at 

Table 2. Ruthenium oxidation states on the surface of 
the Ru@β-CD-Glycd nanocatalyst sample based on 
XPS spectra* 

State  Ru (%) E/eV

Ru/RuOx 5.1 280.5
RuOx  /Ru, RuO2, RuCl3•xH2O 62.0 282.2
RuO3 32.9 283.0

* Fraction of Ru 3d5/2 atoms (%) in the oxidation  state, 
characterized by the corresponding binding energy (eV).

Fig. 8. IR spectra of β-CD (1, black), β-CD-Glycd polymer carrier (2, blue), and Ru@β-CD-Glycd catalyst (3, red). 
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1639 and 1614 cm–1 refers to bending vibrations of 
H—O—H bonds in the absorbed water molecules 
and C—O—H bonds in the β-CD hydroxyl groups, 
respectively.45,46 The spectrum of the starting β-CD 
also shows well-resolved bands at 2929 cm–1 and 
937 cm–1, corresponding to asymmetric stretching 
vibrations of CH2 groups and bending vibrations of 
α-(14) of glucopyranose rings, respectively.22 

On the contrary, the spectrum of the β-CD-Glycd 
polymer carrier exhibited a noticeable increase in 
intensity and a shift to higher wavenumbers for the 
bands corresponding to the stretching vibrations 
of C—O—C bonds and the bending vibrations 
of H—O—H and C—O—H bonds (maximum at 
1653 cm–1), as well as of CH2 groups (maxima at 
1456 and 1375 cm–1) (see Fig. 8). This is related to 
the introduction of Glycd fragments into the struc-
ture of the polymer sample and, as a result, the 
subsequent change in the structure of the hydrogen 
bonds.22 The band with a maximum at 1722 cm–1 
can be attributed to the residual impurities of acetone 
used to precipitate the polymer and retained in it due 
to hydrogen bonds and hydrophobic interactions. 

In contrast to the polymer based on β-CD cross-
linked with a long PEG diglycidyl ether,22 the sub-
sequent inclusion of Ru NPs into the structure of the 
β-CD-Glycd polymer carrier, the synthesis of which 

was carried out using short epichlorohydrin, and 
the transfer of electron density CORu at NP 
stabilization led to the next change in the structure 
of the hydrogen bonds and partial fi xation of the 
polymer carrier fragments around the NPs. In the 
spectrum, this was refl ected by the shift of the bands  
corresponding to stretching vibrations of C—O—C 
bonds and bending vibrations of H—O—H and 
C—O—H bonds to the region of lower wavenum-
bers, as well as by a sharp drop in the intensity of 
the bands corresponding to bending vibrations of 
H—O—H and C—O—H bonds and CH2 groups (see 
Fig. 8). 

Hydrogenation of unsaturated compounds in the 
presence of the Ru@β-CD-Glycd catalyst. The infl u-
ence of the CD-binding eff ect in the catalyst structure 
on the hydrogenation effi  ciency and selectivity in an 
aqueous medium was investigated using aromatic 
compounds, phenols, LA and its esters as examples. 
Under the reaction conditions, Ru@β-CD-Glycd 
exhibited the properties of a pseudo-homoge-
neous catalyst. The results on the hydrogenation of 
benzene, biphenyl, and trans-stilbene are given in 
Table 3. 

As seen from Table 3, benzene (1) does not un-
dergo hydrogenation in the presence of the Ru@β-
CD-Glycd catalyst even at a temperature of 95 C 

Table 3. Hydrogenation of aromatic and unsaturated compounds in the presence of the Ru@β-CD-Glycd catalyst*

 Conditions Conversion TOF (H2)/h–1  Products Selectivity

vsubstr : vRu t/h (%)   (%)

Substrate — benzene (1)

1740 : 1 2.0 0 0 — —

Substrate — biphenyl (2)

1200 : 1 0.5 33.0 2385 Cyclohexylbenzene (3) + 99.8 (3), 0.1 (4), 0.1 (5)
    bicyclohexylidene (4) + 
    bicyclohexyl (5) 
 2.0 99.5 — 3 + 4 + 5 + 1 99.25 (3), 0.25 (4), 0.25 (5), 0.25 (1)
 6.0 99.5 — 3 + 4 + 5 + 1 94.5 (3), 1.5 (4), 2.0 (5), 1.0 (1)

Substrate — trans-stilbene (6)

1370 : 1 0.5 33.0 2680 Bicyclohexylethane (7) + 84.09 (9), 7.5 (8), 7.5 (10), 
    phenylcyclohexylethane (8) + 0.5 (7), 0.5 (11)
    diphenylethane (9) +
    phenylcyclohexenylethane (10) + 
    trans-β-cyclohexenylstyrene (11) 
 6.0 97.5 — 7 + 8 + 9 + 10 + 11 39.5 (10), 34.0 (9), 23.0 (8), 
     3.0 (11), 0.5 (7)
 12.0 98.0 — 7 + 8 + 9 + 10 + 11 36.0 (10), 32.0 (9), 24.5 (8), 
     2.5 (11), 5.0 (7)

* Reaction conditions: 5 mg of cat., 95 C, 30 atm of H2, V(substrate) = V(H2O). Here and in Tables 4 and 5 vsubstr : vRu is the 
substrate : Ru molar ratio. 
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and a hydrogen pressure of 30 atm, which essentially 
distinguishes this catalytic system from Ru catalysts 
based on networks of polypropylenimine dend-
ri mers,47,48 providing the exhaustive hydrogen-
ation of aromatic compounds and close to quantit-
ative yields at a temperature of 85 C and a hydro-
gen pressure of 5—10 atm under two-phase condi-
tions.48 

It appears that the formation of a host—guest 
benzene complex with a β-CD moiety in an aqueous 
medium (Fig. 9) interferes with hydrogenation.19,49 
Therefore, it can be assumed that in the highly polar 
medium used (water + β-CD moieties linked by 
glycidyl bridges), benzene molecules prefer to be 
located in the hydrophobic cavities of β-CD,25 and 
thus avoid hydrogenation. 

In particular, a similar eff ect was observed earlier 
when using Ru NPs stabilized with β-CD cross-
linked with PEG diglycidyl ether22 or methylated 
α- and β-CD,19 which was explained by increased 

stability constants for the corresponding inclusion 
complexes.22,49 

In the case of bulky substrates containing two 
aromatic moieties (see Fig. 9), only one benzene ring 
is involved in the formation of the inclusion complex, 
providing the selectivity hydrogenation of the second 
aromatic ring only. Thus, biphenyl (2) was almost 
completely converted to cyclohexylbenzene (3) 
within 2 h (see Table 3), however, its further hydro-
genation to bicyclohexyl (5), in contrast to traditional 
catalysts such as Ru/C,50,51 proceeds with diffi  culty: 
its fraction among the reaction products was only 
2% for a conversion of 99.5% over 6 h (see Table 3). 
This can be explained by the considerably higher 
stability constant of the host—guest complexes 
for the phenyl moiety as compared to the cyclo-
hexyl one. 

Among the other products of hydrogenation of 
biphenyl, small amounts of bicyclohexylidene (4) 
and benzene (1) were found. Apparently, a stepwise 
hydrogenation through the intermediate formation 
of a cycloalkene fragment also takes place in this 
case.50,52 Bicyclohexylidene is formed by the migr-
ation of the C=C double bond in 1-cyclohexylcyclo-
hexene (12) (Scheme 4). Benzene, in turn, is formed 
by the hydrogenolysis of biphenyl.50,52,53 

Hydrogenation of trans-stilbene (6) in an aqueous 
medium in the presence of the Ru@β-CD-Glycd 
catalyst proceeded stepwise in accordance with 
Scheme 5. First of all, the C=C double bond located 
outside the CD cavity was subjected to hydrogenation 
(Fig. 10): after 30 min, the portion of diphenylethane 
(9) among the reaction products was 84% at a con-
version of 33%. Further hydrogenation of stilbene 
led not only to the exhaustive saturation of the C=C 
double bond (96% conversion over 1 h), but also to 
the simultaneous saturation of one of the aromatic 

Fig. 9. Inclusion complexes of benzene (1), biphenyl (2), and 
trans-stilbene (3) with β-CD. 

Scheme 4
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reaction products increased from 7.5% in half an 
hour to 23% over 6 h). 

We also observed the formation of a small amount 
of intermediate products of hydrogenation of diphe-
nylethane (9), namely, phenylcyclohexenylethane 
(10) and trans-β-cyclohexenylstyrene (11), which 
have C=C double bonds in the side chain. Unlike 
the traditional ruthenium-containing catalysts, no 
hydrogenation of the second aromatic ring was ob-
served in the presence of the synthesized catalyst 
Ru@β-CD-Glycd, which can be explained by the 
strong binding of the aromatic ring by the cavity of 
the CD moiety.22,25 

The results of hydrogenation of phenols are given 
in Table 4. The main product of phenol (13) hydro-
genation was cyclohexanol (14), which is typical of 
Ru catalysts.50,51 Even at incomplete conversion, 
the total fraction of products of incomplete hydro-
genation (cyclohexanone 15 + cyclohexen-2-one 
16) did not exceed 2.5% (see Table 4). It can be as-
sumed that the water-soluble phenol, forming hy-

Scheme 5
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Fig. 10. Changes in relative concentrations (Crel) of trans-stilbene 
(1) and products of its hydrogenation (compounds 9 (2), 8 (3), 
7 (4), 10 (5), 11 (6)) over time in the presence of the Ru@β-CD-
Glycd catalyst; reaction conditions: 400 mg of stilbene, 5 mg of 
catalyst (substrate/Ru ≈ 1370), 400 μL of H2O, 30 atm of H2, 
95 C. 

Table 4. Hydrogenation of phenols in the presence of the Ru@β-CD-Glycd catalysta

vsubstr : vRu t/h Conversion (%) TOF (H2)/h–1 Products  Selectivity (%)

Substrate — phenol (13)

1970 : 1 0.5 70.5 8250 Cyclohexanol (14) + 97.5 (14), 2.0 
    cyclohexanone (15) + (15), 0.5 (16)
    cyclohexen-2-one (16) 
 2 100 — 14 100

Substrate — 4-tert-butylphenol (17)

2055 : 1 0.5 44.0 5020 cis-4-tert-Butylcyclohexanol (18) + 48.0 (18), 33.0 (19),
    trans-4-tert-butylcyclohexanol (19) + 16.5 (20), 1.5 (21),
    4-tert-butylcyclohexanone (20) + 1.0 (13)
    13 + tert-butylbenzene (21) 
 6.0 94.0 — 13 + 18 + 19 + 20 + 21 50.5 (18), 38.5 (19), 
      18.0 (20), 2.5 (21), 0.5 (13)

* Reaction conditions: 5 mg of cat., 95 C, 30 atm of H2, V(substrate) = V(H2O).

rings in the formed molecules of diphenylethane (9) 
(the portion of phenylcyclohexylethane among the 
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drogen bonds with hydroxy groups of β-CD and 
glycidyl chains, was outside the cyclodextrin cavity 
directly during the reaction, and its relatively small 
size ensured the possibility of coplanar adsorption 
on the surface of Ru NPs (Fig. 11). This is charac-
teristic of transition metal NPs stabilized with poly-
acrylic acid21 or PPI dendrimers.30 

Hydrogenation of the more bulky and hydro-
phobic 4-tert-butylphenol (17) proceeded elsewise 
(Scheme 6, see Table 4). A conversion close to quan-
titative was achieved for this substrate after only 6 h, 
and among the hydrogenation products there were 
not only cis-4-tert-butylcyclohexanol (18) and trans-
4-tert-butylcyclohexanol (19), but also 4-tert-butyl-

cyclohexanone (20), a product of incomplete hydro-
genation54 (see Table 4, Fig. 12). 

This fact can be explained by the considerably 
higher stability of the complex of 4-tert-butylphenol 
(17) with β-CD moieties, where the cavity of the 
latter contains a tert-butyl substituent and only a part 
of the aromatic ring (Fig. 13),55,56 which leads 
to deceleration of the reaction and the formation of 
products of incomplete hydrogenation. 

Hydrogenation of LA and its esters in the presence 
of the Ru@β-CD-Glycd catalyst proceeded selec-

Fig. 11. Adsorption of phenol on the surface of Ru NPs without 
the complex formation with β-CD. 

Scheme 6 
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Fig. 12. Change in the relative concentrations of 4-tert-butyl-
phenol (1) and its hydrogenation products (18 (2), 19 (3), 20 (4), 
21 (5), 13 (6)) over time in the presence of the Ru@β-CD-Glycd 
catalyst. Reaction conditions: 500 mg of 4-tert-butylphenol, 5 mg 
of catalyst (substrate/Ru ≈ 2055), 500 μL of H2O, 30 atm of H2, 
95 C. 

Fig. 13. Adsorption of 4-tert-butylphenol (17) on the surface of 
Ru NPs with the formation of an inclusion complex with 
β-CD.55,56 
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tively with the formation of γ-valerolactone (γ-VL) 
as the major product, through the stage of cyclic 
inter mediates, angelica lactone 22 (Table 5, 
Scheme 7). The reaction was accompanied by the 
hydrolysis of the ester groups. In this case, the pres-
ence on the ruthenium surface of polymer fragments, 
which are prone to form multiple hydrogen bonds 

with the polar groups of the substrate, apparently, 
directed the reaction course mainly toward the 
cyclization of LA into angelica lactones, with both 
the acid itself and its esters tending to undergo this 
cyclization.57 

It was found that quantitative yields of γ-VL could be 
achieved for all the tested substrates (see Table 5). 

Table 5. Hydrogenation of levulinic acid (LA) and its esters in the presence of the Ru@β-CD-Glycd 
catalyst*

vsubstr : vRu t/h Conversion (%) TOF (H2)/h–1 Products Selectivity (%)

     γ-VL angelica lactone (22)

Substrate — LA

1830 : 1 0.5 100.0 3640 γ-VL + 22 99.5 0.5
 2.0 100.0 — γ-VL 100.0 —
3045 : 1 0.5 100.0 6035 γ-VL + 22 99.0 1.0
9140 : 1 0.5 100.0 1280 γ-VL + 22 70.0 30.0
 1.0 100.0 — γ-VL + 22 79.0 21.0
 2.0 100.0 — γ-VL + 22 83.0 17.0
 6.0 100.0 — γ-VL + 22 83.0 17.0

 Substrate — methyl levulinate (23)

1695 : 1 0.5 100.0 3395 γ-VL 100.0 —
 2.0 100.0 — γ-VL  100.0 —
2830 : 1 0.5 75.0 4220 γ-VL + 22 99.5 0.5
 1.0 95.5 — γ-VL 100.0 —

 Substrate — ethyl levulinate (24)

1655 : 1 0.5 79.0 2590 γ-VL + 22 99.0 1.0
 1.0 99.5 — γ-VL 100.0 —
 2.0 100.0 — γ-VL 100.0 —

 Substrate — butyl levulinate (25)

1575 : 1 0.5 25.5 785 γ-VL + 22 96.0 4.0
 1.0 50.0 — γ-VL + 22 98.5 1.5
 2.0 99.5 — γ-VL 100.0 —

* Reaction conditions: 300 (LA), 340 (23), 380 (24), or 450 (25) μL of the substrate; 5, 3, or 1 mg of the 
catalyst; 95 C, 30 atm of H2, V(substrate) = V(H2O). 

Scheme 7

R = Me (23), Et (24), Bu (25) 
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The activity of Ru@β-CD-Glycd catalyst in the 
hydrogenation of the tested substrates, calculated 
taking into account the amount of absorbed hydrogen 
(TOF(H2)), decreased in the order: LA >> 23 > 24 > 
> 25 (Fig. 14). It can be assumed that LA, like phenol, 
did not form inclusion complexes with β-CD directly 
during the reaction, but, due to the formation of 
hydrogen bonds with hydroxy groups, it was situated 
above the cavity of the latter (Fig. 15). Thus, the 
resulting conformation of the substrate facilitated its 
ready and rapid cyclization into angelica lactones 
(22) and subsequent transformation into γ-VL, the 
yield of which reached 99—100% over half an hour 
for a molar ratio substrate/Ru ≈ 3045 (see Table 5). 

The introduction of an alkyl substituent into the 
carboxy group of the substrate led to the formation 
of inclusion complexes with β-CD moieties (Fig. 16), 
thereby hindering the hydrogenation. Thus, in the 

hydrogenation of LA and its esters for 30 min with 
a ratio substrate : Ru ≈ 1570—1830, the yield of γ-VL 
for butyl levulinate (25) did not exceed 25%, for ethyl 
levulinate (24) it was 78%, and for methyl levulinate 
(23) and LA it reached 99—100%. Also noteworthy 
is a particularly high portion of hydrolysis for butyl 
levulinate: 66% at 50% conversion and 46% at 99% 
conversion. It can be assumed that due to the inclu-
sion complex formation for the alkyl moiety of the 
ester, the latter was the fi rst subjected to hydrolysis 
with the formation of LA, which subsequently was 
converted into γ-VL. 

Figure 17 shows the activities of the Ru@β-CD-
Glycd catalyst in the hydrogenation of all tested 
substrates calculated taking into account the amount 
of absorbed hydrogen. Two opposite tendencies can 
be distinguished, which are characteristic of non-
polar and polar substrates. The non-polar substrates 
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Fig. 14. Comparative hydrogenation of levulinic acid and its 
esters in the presence of the Ru@β-CD-Glycd nanocatalyst in 
an aqueous medium; reaction conditions: 95 C, 30 atm of H2, 
V(substrate) = V(H2O). 

Fig. 15. Interaction of levulinic acid with β-CD hydroxy groups 
in the presence of Ru NPs. 

Fig. 16. Formation of an inclusion complex of butyl levulinate 
(25) with β-CD in the presence of Ru NPs. 
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Fig. 17. Activity of the Ru@β-CD-Glycd catalyst in the hydro-
genation of aromatic and unsaturated compounds, phenols, 
levulinic acid and its esters in an aqueous medium. Reaction 
conditions: 95 C, 30 atm of H2, V(substrate) = V(H2O).  
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represented by aromatic and unsaturated compounds 
such as benzene, biphenyl, and trans-stilbene read-
ily form inclusion complexes with β-CD moieties of 
the carrier.20,58 An increase in the substrate size leads 
to an increase in the catalyst activity in the order: 
benzene << biphenyl  trans-stilbene (see Fig. 17). 
Herein, the presence of the CD moieties in the poly-
mer stabilizing the ruthenium particles ensures the 
selective hydrogenation of the only one aromatic 
fragment of the substrate molecule located outside 
the CD hydrophobic cavity. Cyclodextrin itself acts 
as a protective group for the corresponding fragment 
of the substrate.13,20 

Polar substrates, such as LA, phenol, methyl 
levulinate, on the contrary, tend to form hydrogen 
bonds with hydroxy groups of β-CD moieties and 
glycidyl chains and, as a result, form low stable inclu-
sion complexes with the cyclodextrin cavity. As a 
result, it is possible to achieve high activities at low 
catalyst loading as compared to other ruthenium-
containing systems.30,57 An increase in the ability to 
form host—guest complexes between the substrate 
and the cyclodextrin moiety via non-polar substitu-
ent (ethyl and butyl levulinates, 4-tert-butylphenol) 
leads to a decrease in the system activity in hydro-
genation, apparently, due to a less favorable orienta-
tion of the substrate in the complex (see Fig. 17). 

Catalyst recycling. The possibility of a Ru@β-
CD-Glycd catalyst reuse was studied in the hydro-
genation of ethyl levulinate (24) as an example un-
der two-phase conditions. The experiments were 

carried out according to the standard hydrogenation 
procedure in the presence of the Ru@β-CD-Glycd 
catalyst. After each reaction cycle, the catalyst was 
separated by precipitation with acetone, a "poor" 
solvent for cyclodextrin-based compounds,23,59,60 
dried, and reused. Seven cycles were carried out in 
total (Fig. 18). The total reaction turnover number 
(TON) reached 8770. 

The catalyst was additionally dried in air before 
each reaction cycle to avoid a rapid downfall in its 
activity due to the accumulation of acetone and its 
adsorption on the surface of Ru NPs.37 It can be seen 
that the quantitative conversion of substrate 24 and 
the yield of γ-VL were maintained during the fi rst 
four cycles, the turnover number of which was 6505. 
The reaction is known to be highly sensitive to the 
ratio substrate/Ru,57 therefore, the loss of the cata-
lyst portion in each reaction cycle led to a decrease 
in the product yield. Nonetheless, the selectivity for 
γ-VL remained at the level of 99—100%. 

In conclusion, we synthesized for the fi rst time 
a water-soluble Ru@β-CD-Glycd catalyst based on 
Ru NPs stabilized with β-CD cross-linked with 
epichlorohydrin. For the hydrogenation of aromatic 
and unsaturated compounds, phenols, levulinic acid 
and its esters in an aqueous medium, it was found 
that the catalyst activity considerably depended on 
the polarity and size of the substrate. It was found 
out that the size of the substrate non-polar fragment 
determined its liability to form the inclusion com-
plexes with β-CD moieties of the carrier. Hence, for 
compounds containing two aromatic fragments, the 
formation of the host—guest complex led to the 
hydrogenation of only the part of the substrate that 
was outside the cyclodextrin cavity. 

As for the hydrogenation of phenols, LA and its 
esters, a downfall in the catalyst activity, on the 
contrary, accompanied an increase in the substrate 
tendency to form stronger inclusion complexes with 
β-CD moieties of the polymer due to the alkyl groups 
of the substituted phenol or levulinic ester. It was 
shown that the Ru@β-CD-Glycd catalyst can be 
slightly reused without any loss of activity and selec-
tivity with additional drying from the solvent. 
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Topchiev Institute of Petrochemical Synthesis of the 
Russian Academy of Sciences (TIPS RAS)) for as-
sistance in carrying out mass spectrometry, M. A. 
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Fig. 18. The Ru@β-CD-Glycd catalyst recycling in the hydro-
genation of ethyl levulinate Y(%): 1, conversion, 2, γ-VL yield; 
reaction conditions: 380 L of ethyl levulinate, catalyst loading 
in the fi rst cycle is 5 mg (substrate/Ru ≈ 1655 in the 1st cycle), 
380 L of H2O, 30 atm of H2, 95 C, 1 h. 
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