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New ruthenium(ll) clathrochelate with terminal polar and H*-acidic carboxyl groups, designed for its effective
immobilization on a surface of the highly porous silicate fibrous material TZMK, was obtained using the template
condensation of cyclohexanedione-1,2-dioxime (nioxime) and 4-carboxyphenylboronic acid on the ruthenium(ll) ion
as a matrix; the solvatocomplex [Ru(CHsCN)3(COD)CI](BF4) was used as a source of Ru?* cations. Thus obtained
ruthenium(ll) clathrochelate was characterized using elemental analysis, MALDI-TOF mass, UV-vis, *H and 3C{*H}
NMR spectra, and by the single crystal X-ray diffraction experiment as well. The hybrid TZMK-based catalytic mate-
rial, prepared by its immobilization on a surface of this ceramic support, was tested as a catalyst of dry reforming of
methane. At the rate of a feeding of the initial reagents (CH4:CO; =1) equal to 12.7 g-*-L per h, their conversions at
900 °C fall in the ranges 7-8 and 11-13 %, respectively, while the yields of H, and CO were from 2.2 to 2.5% and
4.4 t0 4.6 %, respectively. The CO performance of this ruthenium-containing hybrid system reaches approximately
560 mL-g* (cat) per h, thus corresponding to 4.3 mol/g-atom of Ru per h. Decrease in the rate of an initial reagents
feeding up to 6.4 mol-L~* per h caused an increase in the conversions of CH, and CO, up to 14 — 15 and 26 — 28 %,
respectively, with a simultaneous increase in the yields of H, and CO up to 5.3 — 6.3 and 11 — 12 %, respectively. In
the latter case, the CO performance reaches 724 mL-g *(cat) per h (5.4 mol/g-atom of Ru per h).

Keywords: Macrocyclic compounds, cage complexes, clathrochelates, ceramic materials, hybrid materials, catalytic
materials, ruthenium catalysts, methane oxidative conversion, dry reforming of methane, syngas production.
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Hosuwii knampoxenam pymenua(ll) ¢ mepmunanouvimu nosapHuiMu npOMOHOZEHHUIMU KAPOOKCUTLHBIMU SPYRNAMU,
NPeOHA3HAYEHHBIMU OIS €20 P PEKMUBHO UMMOOUAUZAYUU HA NOBEPXHOCMU 8bICOKONOPUCIO20 CUTUKAMHO20 GO0-
nokHucmozo mamepuana T3MK, 6vin noryuen memniamuoil KoHoeHcayuel Yyuknocekcanouon-1,2-ouoxcuma (Huok-
cuma) u 4-kapborcughenunboproii kucnomel Ha uone pymenus(ll) kaxk mampuye,; 6 Kauecmee UCMOYHUKA KAMUOHOG
Ru?* ucnonvszosanu conveamoxomnaexc [RU(CHsCN)s(COD)CI (BF4). Honyuennoiii xnampoxenam pymenus(ll) 6ot
0XapaKmepus06an ¢ UCNOIb306AHUCM OAHHBIX daemenmio2o ananusza, MALDI-TOF macc-, ICII, *H u BC{*H}
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Ceramic-Based Material with Immobilized Ruthenium(ll) Clathrochelate

AMP cnexmpos, a makaice memooom monoxkpucmaivro2o PCA. I'ubpudnvlil kamarumuueckuii Mamepuai Ha 0CHO8e
8bICOKONOPUCTNO20 Kepamudeckoeo mamepuara T3MK, nonyuennwiti ummodunuzayuell Ha €20 NOBEPXHOCHb Gblile-
VROMAHYMO2O Klemouno2o komnaekca pymenus(ll), 6vin ucnviman 6 kavecmee Kamaiu3amopa yeneKuciomHol KoH-
sepcuu memana. Ilpu cxopocmu nodauu ucxoonwix peazenmos (CH4/CO2 = 1) pasnoii 12,7 12 6 uac, ux xonsepcus
npu 900 °C naxoounace 6 npedenax 7 — 8 u 11 — 13 %, coomsemcmesenno, a evixoovt Hy u CO cocmasunu om 2,2 0o
2,5 % u om 4,4 0o 4,6 %, coomeemcmeaenno. Kamanumuueckas s¢pgpexkmugnocmes smoti cubpuoHol pymenuiicooep-
acaweti cucmemvl omuocumensio CO docmuzana 560 mn-2* 6 uac, umo coomeemcmeyem 4.3 monv/2-am RU 6 uac.
Ipu ymenviuenuu ckopocmu nodauu ucxoouvix 2azoe 0o 6,4 1-2* 6 uac koueepcus CHa u CO; yeeruuusanace 0o 14 —
15 % u 26 — 28%, coomeemcmeaento, ¢ 00HO8peMeHHbIM Yeenuyeruem 66ix0008 Hr u CO 0o 5.3 — 6.3 % u 11 — 12 %,
coomegemcmeenHo. B nocnednem ciayuae kamarumuyeckas s¢pgpexkmusnocmos cucmemsvt omuocumenvuo CO docmuea-
aa 724 ma-2t 6 wac, umo coomeemcmeyem 5.4 monv/2-am RU 6 uac.

KiroueBble ciioBa: MaKpOHI/IKHI/I‘{CCKI/IC COCAUHEHUS, KIIECTOYHBIE KOMIIJIEKCHI, KJIATPOXEJIAaThl, KEPAMHUYCCKUEC
MaTepuabl, FI/I6pI/IZ[HBIC Marte€puaibl, KaTAUIUTUIECCKUE MaTE€pHalibl, PYTCHUEBBIC KaTAJIU3aTOPBI, OKHUCIHUTCIbHAA

KOHBEPCH METaHA, YIJIEKUCIIOTHAaA KOHBEPCHUA METAHA, IMOJTYUCHUE CUHTE3-Ta3a.

Introduction

Two prospective methods of hydrogen production, the
reactions of partial oxidation and dry reforming of methane
(POM and DRM, respectively), include the intermediate
step of syngas formation (Scheme 1). These methods are
considered as a promising environmental-friendly alterna-
tive to the industrial process of producing syngas and hy-
drogen by steam reforming.'#l On the other hand, in the
case of DRM process, carbon dioxide that is knownl! to be
one of the most unwanted and abundant pollutants, plays
the role of an oxidant. This causes its consumption in the
course of the latter industrial oxidative process. So, DRM
reaction looks a more promising process than POM due to
an effective utilization both of CO, and of methane, as the
most common greenhouse gases, and an opportunity to use
biogas, as their renewable raw source. Thus, a search for
the suitable catalysts of DRM process seems to be undoubt-
edly important task of heterogeneous catalysis and modern
materials chemistry as well.

Partial oxidation of methane (POM)
CH4+1/,0,—— CO +2H, (SG)

1: 2
Dry reforming of methane (DRM)
CH,+CO, — 2CO +2H,(SG)
1 1

Scheme 1. Prospective processes of a methane conversion to
synthesis gas.

Chemical drawing of the ruthenium(II) clathrochelate
RuNx3(B4-CsH4COOH), with terminal protonogenic and
polar carboxyl groups that was designed for its efficient
adsorption on a surface of ceramic materials as the sub-
strates is shown in Scheme 2; an immobilization of this
cage complex on such surface via their supramolecular in-
teractions can be illustrated by Figure 1. Highly porous (up
to 95 %) silica-based ceramic material TZMK" seem to be a
promising substrate for efficient immobilization and strong
binding of a given ruthenium-containing clathrochelate

* TZMK is a brand name of one of the materials, which have been
designed and obtained at the All-Russian Scientific Research Insti-
tute of Aviation Materials.[%-11]

118

precursor, the molecule of which is decorated with terminal
carboxyl groups. Indeed, the aforementioned material com-
bines a low density and a high specific surface with the
presence of opened and interrelated pores sized up to hun-
dreds of um; it also possesses a high thermal stability (up to
1700 °C). The advantages of their hybrid organo-inorganic
derivative, as a promising catalytic material, include (i) an
opportunity to substantially decrease a consumption of a
given platinum group metal by forming of the adsorbed
monolayer of a designed ruthenium clathrochelate, thus
giving the so-called “single atom (single site) catalyst”, and
(if) a high adsorptive capacity of TZMK, thus allowing to
substantially increase a surface concentration of the ruthe-
nium-containing catalytically active metallocentres. There-
fore, this hybrid material can be considered as prospective
highly efficient catalytic system (in particular, that for hy-
drogen and syngas production using the ruthenium-
catalyzed DRM reaction).

COOH

RuNx3(B4-CgH,COOH),

Scheme 2. Template synthesis of a given ruthenium(Il) clathro-
chelate decorated with terminal carboxyl groups.

Earlier, we have tested two ruthenium(Il) clathro-
chelates (1 and 2) shown in Chart 1, the designed molecules
of which contain terminal polar groups in their ribbed and
apical fragments, respectively, as the precatalysts for ob-
taining of the corresponding TZMK-based catalytic materi-
als for the oxidative methane conversion (OMC) process-
es."8] In this paper, we describe the synthesis of a new
dicarboxyl-terminated ruthenium(Il) clathrochelate, its sin-
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gle crystal X-ray structure and the catalytic activity of its
hybrid ceramic-based derivative in DRM reaction.
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Figure 1. Immobilization of the dicarboxyl-terminated rutheni-
um(II) clathrochelate on a surface of ceramic material.

OH

1 HO 2

Chart 1.

Experimental

Materials and Methods

The reagents used, 4-carboxyphenylboronic acid (Acros), 1,2-
cyclohexane-dion-1,2 dioxime (nioxime, HaNx, Sigma-Aldrich®),
sorbents and organic solvents were obtained commercially (SAF). The
initial solvatocomplex [Ru(CH3CN)3(COD)CI](BF4) was prepared as
described elsewhere.['?]

Analytical data (C, H, N contents) were obtained with a Car-
lo Erba model 1106 microanalyzer.

MALDI-TOF mass spectra of the obtained ruthenium(II)
complex were recorded with and without the matrix using a
MALDI-TOF-MS BrukerAutoflex II (Bruker Daltonics) mass
spectrometer in a reflecto-mol mode. The ionization was in-
duced by an UV-laser with the wavelength of 337 nm. The sam-
ples were applied to a nickel plate, 2,5-dihydroxybenzoic acid was
used as the matrix. The accuracy of measurements was 0.1%.

'H and 3C{'H} NMR spectra were recorded from its pyri-
dine-ds solution with a Varian Inova 400 spectrometer. The 'H
and *C{'H} NMR measurements were done using the residual
signals of the deuterated solvent.

UV-Vis spectrum in DMSO was recorded in the range 250 —
800 nm with a Agilent Cary 60 spectrophotometer. The individual
Gaussian components of this spectrum were calculated using the
Fityk program.['3]
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Synthesis of the RuNxs(B4-CsHsCOOH), complex

Solvatocomplex [Ru(CH3CN)3(COD)CI](BF4) (0.069 g,
0.15 mmol) and nioxime (0.062 g, 0.44 mmol) were dis-
solved/suspended in chloroform — methanol 1:1 mixture (10 mL)
under argon. This mixture was refluxed for 6 h and then
4-carboxyphenylboronic acid (0.034 g, 0.02 mmol) was added. The
reaction mixture was stirred for 20 h at 80 °C, the obtained yellow-
ish-brown precipitate was filtered off, washed with ethanol (15 mL),
chloroform (5§ mL), diethyl ether (5 mL), hexane (5 mL) and dried
in vacuo. Yield: 0.016 g (20%). Anal. Calcd. for C32H34B2RuN6O10:
C, 48.94; H, 4.36; N, 10.70. Found (%): C, 49.13; H, 4.28; N,
10.92. MS (MALDI-TOF): m/z: 785.15 [M]*. 'TH NMR (pyridine-
ds) ou ppm: 1.38 {br m, 12H, f-CH> (Nx)}, 2.74 {br.t, 12H, a-
CH2(Nx)}, 5.20 (br.s, 2H, COOH + H:0), 8.58 (d, 4H, ortho-Ph),
8.77 (d, 4H, meta-Ph). 3C{'H} NMR (pyridine-ds) & ppm: 21.81
{s, p-CH2(Nx)}, 25.95 {s, a-CH2(Nx)}, 129.73 (s, meta-Ph),
132.54 (s, para-Ph), 133.20 (s, ortho-Ph), 149.09 (s, C=N), 170.12
(s, COOH). UV-Vis v cm™! (x1073, mol! L ecm™): 38632 (32),
36258 (12), 32841 (1.7), 28071 (4.7), 25757 (12), 23864 (8.5),
22149 (6.4).

X-Ray crystallography

Single crystals of the complex RuNx3(B4-C¢H4COOH):-8Py-
ds, suitable for the XRD experiment, have been formed in the
NMR tube containing its pyridine-ds solution. The orange-plate
crystal of C72H34D40B2N14O10Ru (M = 1458.38) with the di-
mensions of 0.35x%0.33x0.07 mm is triclinic; at 120.0(2) K
a =10.9771(5), b =14.4757(7), ¢ = 22.1935(11) A, a =88.427(2),
£ =81.091(2), g = 77.068(2)°, ¥ =3395.6(3) A, space group P-1,
Z =2, Deaied. = 1.387 grem™, u = 0.302 mm'. The intensities of
45905 reflections were collected on a Bruker Apex II diffractome-
ter using graphite monochromated Mo-Kao. radiation (A = 0.71073 A).
Data collection was performed using an Oxford Cryolet (Oxford
Cryosystems). Data integration was carried out using the SA-
DABS software. The structure was solved by the direct method
and refined by full-matrix least squares method against F? of all
data using the SHELXL-2014' and OLEX2![!3! programs. Non-
hydrogen atoms were found on the difference Fourier maps and
refined with anisotropic displacement parameters, except those for
the disordered carbon and nitrogen atoms of two deuteropyridine
solvate molecules and carbon atoms of two ribbed six-membered
o-dioximate fragments. The positions of hydrogen atoms were
calculated and included in refinement in an isotropic approxima-
tion by the riding model with the Uiso(H) = 1.2Ueq(X), where
Ueq(X) are equivalent thermal parameters of the parent atoms.
Refinement converged to R1 = 0.056 (for 13806 observed reflec-
tions), wR2 = 0.127 and GOF = 1.01 (for 13806 independent re-
flections; Rint = 0.057). Crystallographic information file is avail-
able from the Cambridge Crystallographic Data Center upon
request (https://ccdc.cam.ac.uk/structure, deposition number is
2165876).

Immobilization of the ruthenium(Il) clathrochelate on
ceramic material

The hybrid catalytic system was obtained by immobilization
of a new macrobicyclic complex RuNx3(B4-CsH4COOH)2 on a
surface of the silicate fibrous material TZMK, as a solid support.
This ruthenium(II) clathrochelate is intensively colored in the near
UV-visible range (380 — 460 nm). It was immobilized of a surface
of TZMK by its dissolution in pyridine, followed by evaporation
the obtained solution, easily penetrated into a bulk pores of this
ceramic material. Thus obtained hybrid system was dried in air
atmosphere. This procedure allowed an effective immobilization
of the ruthenium(II) clathrochelate RuNx3(B4-CsH4COOH)2 with
terminal polar and H-acidic groups on this support due to its ad-
sorption on a whole (inner and outer) surface of TZMK. Then, the
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obtained material was washed with a small amount of pyridine; a
removal of the clathrochelate complex RuNx3(B4-CsHsCOOH)2
that has been not immobilized on its surface during such adsorp-
tion stage was visually controlled.

Testing of the hybrid TZMK — RuNx3(B4-
CsH4COOH), catalytic material

Catalytic activity of this hybrid system in DRM reaction was
studied in a heated flow quartz reactor with a thermocouple pock-
et; the end of thermocouple was placed into a middle of the cata-
lyst bed. Size of the catalytic particles with a weight of 0.253 g
was 0.5 — 1 mm; the content of a given ruthenium clathrochelate
was 5 %, and a ruthenium content was 0.6 %. The reactor was fed
with a CH4/CO2 mixture (with a purity of 99.9 %), which has been
not diluted with an inert gas, at a component CH4/CO> ratio of
equal to 1. The feed space velocity of this gas mixture was 12.7
and 6.4 L-g™! per hour. The catalyst was heated for 1 h to 900 °C
in a hydrogen stream and reduced for 1 h. Then, a gas mixture was
fed into the reactor. Analysis of the gaseous products was per-
formed using a gas chromatograph GALS-311 equipped with a
thermal conductivity detector (Lumeks-marketing); the carrier gas
was helium (40 mL/min at an outlet of the columns). Gaseous
products were injected into a given chromatograph using a gas-
tight syringe. 2m-in-length and 3mm-in-inner diameter steel gas
chromatography column; packed with NaX zeolite adsorbent
(fraction 0.2—0.25 mm) was used to obtain the contents of Hz, Oz,
N2, CH4 and CO at room temperature. Steel gas chromatography
column with a packed with the Porapak-Q adsorbent with a grain
size of 80 — 100 mesh was used to obtain a sum of Oz and CO, and
the contents of CHa, CO2, C2H4 and C2He at 80 °C as well. These
gas chromatograms were operated and processed using the
Ekokhrome hardware—software program an complex for automating
chromatographic analysis, which is registered in the State Register
of Measuring Instruments of the Russian Federation (no. 16616-03).

Results and Discussion

For preparation of the target ruthenium(II) cage com-
plex with terminal carboxyl groups in its apical aromatic
substituents at the capping boron atom, the template con-
densation on ruthenium(Il) ion, as a matrix, of nioxime and
4-carboxyphenylboronic acid in chloroform—methanol 1:1
mixture, as a solvent, at 80 °C was performed; the solvato-
complex [Ru(CH3CN)3(COD)CI](BF4) was used as a source
of Ru?" ions (Scheme 2). We observed a change in the col-
oration of the reaction mixture from a dark brown (on an
initial stage) to a dark yellow (after an addition of 4-carboxy-
phenylboronic acid as a cross-linking Lewis-acidic agent),
and a precipitation of the ruthenium(Il) clathrochelate
RuNx3(B4-CsH4COOH), as well. We used an excess of
nioxime as an a-dioximate ligand synthon (its 4.5 eq in-
stead of 3 eq), trying to increase the yield of the target cage
ruthenium(Il) complex. It was characterized using elemental
analysis, MALDI-TOF mass, UV-Vis, 'H and 3C{!H} NMR
spectra, and by the single crystal X-ray diffraction experi-
ment as well.

MALDI-TOF mass spectrum of the obtained new ru-
thenium(II) clathrochelate shown in Figure S1 (see Sup-
porting Information section) contains the peak of the corre-
sponding molecular ion in positive range. This peak pos-
sesses a characteristic isotopic distribution, which is in
good agreement with that theoretically calculated.
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The number and positions of the signals in the solution
'H and *C{'H} NMR spectra of the ruthenium(II) mac-
robicyclic complex RuNx3(B4-CsHsCOOH); (in particu-
lar, protons of its apical aromatic substituents and those of
methylene groups in its a-dioximate ligand synthons), to-
gether with the ratios of their integral intensities in the 'H
NMR spectrum, confirmed the composition and the sym-
metry its cage molecule. The number of lines in the
BC{'H} NMR spectrum of RuNx3(B4-C¢H4sCOOH), sug-
gests an equivalence of the chelate ribbed a-dioximate
fragments of an encapsulating macrobicyclic ligand.

Solution UV-Vis spectrum of RuNx3(B4-C¢HsCOOH),
(SI, Figure S4), contains in its visible and UV ranges two
intensive asymmetric bands at 24630 and 38461 cm™,
respectively, assigned to the metal-to-ligand charge transfer
(MLCT) Rud — Lzn* and to the intraligand ® — ©* transi-
tions as in its quasiaromatic framework as in the apical ar-
omatic substituents at this framework. Substantial (approx-
imately 60 nm) short-wavelength shift of this complex
MLCT band in the spectrum of RuNx3(B4-CcH4COOH); as
compared with that of its iron(II)-containing analog is ob-
served. Deconvolution of the spectrum of RuNxs3(B4-
C¢H4COOH); into its Gaussian bands in its visible range;
two of them a less intensive than the gave third one, where-
as maxima of the ligand-localized UV bands. The afore-
mentioned ruthenium(Il)- and iron(Il)-encapsulating cage
analogs of the same macrobicyclic ligands, are almost
equal. In passing from iron(I) to ruthenium(Il) complexes,
the position of bands of high intensity in the UV region,
stipulated by the m—n* transitions in dioximate fragments,
changed insignificantly.

General view of the clathrochelate molecule RuNx3(B4-
CsH4COOH), that was obtained using the single crystal
XRD experiment is shown in Figure 2; main geometrical pa-
rameters of its cage framework, as well as those for its
iron(IT)-containing analog!'®! are listed in Table 1. Their
characteristic B-O, N-O and C=N bond lengths are similar
to each other. Only that of the chelate C—C bonds in ribbed a-
dioximate fragments of the molecule RuNx3(B4-CsH4COOH),
are shorter than those for its iron(II)-containing analog. On
the other hand, the larger physical ionic (Schannon) radius
of the low-spin Ru?" ion, as compared with Fe?" cation (the
corresponding radii are more than 0.82 A and equal to 0.75 A,
respectively,l'”l) causes a rotational-translational expansion
of a given rigid cage framework along its molecular
B...Ru...B Cs-pseudoaxis. As a result, the average Ru—N
distance (1.980 A) in the RuNx;3(B4-CsHsCOOH), molecule
is greater, as compared with the average Fe—N distance
(1.920 A) in the FeNx3(B4-C¢H4COOH), molecule.!'®]
Nevertheless, both these encapsulated low-spin ions are
situated in the centres of their M”Ns-coordination polyhe-
dra, possessing the geometry intermediate between a trigo-
nal prism (the distortion angle ¢ = 0°) and a trigonal an-
tiprism (¢ = 60°). The corresponding values ¢ are equal to
11.7 and 18.9°, and the heights % of these polyhedra are
equal to 2.45 and to 2.37 A, respectively. The crystal
RuNx3(B4-CsH4COOH),-8Py-ds contains the solvate deute-
ropyridine molecules. Therefore, in the contrast to a majori-
ty of the crystals of dicarboxylic acids, which have been
earlier studied using the XRD method, and that of the di-
carboxyl-terminated complex Fe((CH;OOCCH;S)>Gm)s(B-
3-C¢HsCOOH),,!'8 the terminal carboxyl groups of the
RuNx;3(B4-CsHsCOOH), molecule are included in a hydro-
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gen bonding with the corresponding solvent molecules,
instead of a bifurcate intermolecular bonding between two
carboxyl groups of neighboring molecules of the former
compounds. The clathrochelate RuNx3(B4-CsHsCOOH),
molecules are included in their crystal in the intermolecular
O-H...N interactions with two solvate deuteropyridine
molecules {r(O...N) falls in the range 2.633(3) — 2.639(3)
A, the corresponding O...H...N angle varies from 172.8(2)
to 175.8(2)°}. Other solvent molecules are included only in
the weak C—H...N and H...H contacts.

Figure 2. General view of the molecule RuNx3(B4-CsH4COOH)».

Table 1. Main geometrical parameters of the quasiaromatic cage
frameworks of the obtained dicarboxyl-terminated ruthenium(II)
tris-nioximate clathrochelate and its iron(Il)-containing analog.

Parameter RuNx3(B4- FeNx3(B4-
CsH4COOH)2 CsH4COOH),(1¢]

M-N(A)  1970(2)-1.989(2)  1.906(4)— 1.933(4)
1.496(3) — 1.521(4)  1.488(7) — 1.504(7)

B-O(4) av. 1.508 av. 1.499
1.375(3) - 1.386(3)  1.377(5) — 1.389(5)

N-0(A) av. 1.381 av. 1.382

_ 1.311(3) - 1.322(3)  1.295(6) — 1.310(6)

C=N (A) av. 1.318 av. 1.302
1.434(3) — 1.440(3)  1.445(7) — 1.461(7)

C-CA av. 1.437 av. 1.455

N=C-C=N 4.1(3)- 6.2(3) 5.8(6) — 6.1(6)

©) av. 5.4 av. 6.4

o (©) 11.7 18.9

a () 77.0 782

h (A) 2.45 2.37
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Hybrid TZMK-based catalytic material with immobi-
lized ruthenium(Il) clathrochelate RuNx3(B4-CsHsCOOH),,
obtained as described in the Experimental section, was tested
as a catalyst of DRM process; main obtained results are
complied in Table 2 and shown in Figure 3. At the feed rate
of the initial reagents (CHs and CO,) equal to 12.7 g' L per
hour, their conversions at 900 °C fall in the ranges 7-8 and
11-13 %, respectively, while the yields of H, and CO were
from 2.2 to 2.5 % and 4.4 to 4.6 %, respectively. So, the stoi-
chiometric ratio of these products is in the range 0.5 — 0.6
(therefore, the CO/H; ratio in a given products mixture is
close to 2). The CO performance of this ruthenium-
containing hybrid system reaches approximately 560 mL g
(cat) per hour, thus corresponding to 4.3 mol/g-atom of Ru
per hour. Decrease in the rate of a feeding reagents up to 6.4
mol L™ per hour caused an increase in the conversions of
methane and carbon dioxide up to 14 —15 and 26 —28 %,
respectively, with a simultaneous increase in the yields of
molecular hydrogen and carbon monoxide up to 5.3 — 6.3 and
11-12%, respectively. On the other hand, the same CO/H,
ratio (2:1) persists. The CO performance in this case at
900 °C reaches 724 mL g~!(cat) per h (5.4 mol/g-atom of Ru
per hour). Therefore, a catalytic activity of the hybrid materi-
al under study is substantially affected by the rate of the feed-
ing reagents.

Conclusions

Thus, we performed the molecular design of a new ru-
thenium(II) clathrochelate for its efficient immobilization
on a surface of ceramic materials and prepared the dicar-
boxyl-terminated cage complex decorated with polar and
H-acidic functionalizing groups in its apical aromatic sub-
stituents at a diboron-capped macrobicyclic framework.

CH4 + CO, === CO + H; (syngas)
t=900°C

30 ~
%

27 -

24 m X CH4
21 mYCO
18 - Y H2
15 - m Coke
15 - mXC02
g -

6

3

0

12.7 L/g cat. in h. 6.4 L/g cat. in h.

Figure 3. Influence of the rate of reagents feeding on the results of
DRM reaction (900 °C) catalyzes by a given ruthenium-containing
TZMK-based catalytic material, obtained by immobilization of the
complex RuNx3(B4-CsH4COOH)z.
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Table 2. Products of the DRM process in the presence of the clathrochelate RuNx3(B4-CsHsCOOH )2-containing TZMK-based catalytic

material versus time (min).

0,
CH4/CO> W, L-g-h! T, °C X CHa, % X CO2,% HY, mo(lj.(f Coke Y, % CO productivity, mL-g!-h!
2
1.02 12.7 900 7.7 12.6 2.2 4.6 5.5 581
1.02 12.7 900 7 11 2.5 4.4 4.5 558
1.01 6.4 900 14.7 25.8 53 11 9.3 686
0.99 6.4 900 13.8 27.5 6.3 11.6 9.1 724
Hybrid catalytic material, obtained by its immobiliza- 4. Moiseev LI, Loktev A.S., Shlyakhtin O.A., Mazo G.N., Dedov
tion on TZMK, as a heat-resistance highly porous silicate AG. Petroleum Chem. 2019, 59, S1-S20. DO
fibrous support, was tested in DRM process at various reac- 10.1134/50965544119130115.
tion conditions. As follows from the data of these catalytic > ESSI\(I)EZT/ (ﬁd‘ébg%?ra D.G. Chem. Rev. 2007, 107, 4022. DOI:
xperiments, this ca mplex is still not h effecti ' :
:rgceatal;st i;f DIS{I\S[ rgeeacct(i)onp;s cosmi)ared(ivitsllllcits (seynet(lzle:/i(i 6. Dedpv AG., Loktev A.S., Voloshin '¥.Z., Buzik V.M., San-
. L. . . dzhieva D.A. RF Patent No. 2719176, 2020 [[emoB A.T.,
cally much less available triribbed-functionalized analog 1, Toxtes AC.. Bomomms 3. B BM. C 1A
. . . . L., .3., by3HUK b.M., CaHDKueBa /.A.
the molecule of wh¥cl.1 is functionalized by a number of the Cnoco6 nonywenus cunmes-zasa, Tarenr PO Ne 2719176,
polar oxygen-containing groups. We suggest that the cata- 17.04.2020].
lytic activity of hybrid materials of this type may be in- 7. Dedov A.G., Voloshin Y.Z., Belov A.S., Loktev A.S., Bespalov
creased by using of the clathrochelate precatalysts, the cage A.S., Buznik V.M. Mendeleev Commun. 2019, 29, 669. DOI:
3D-molecules of which are decorated with a number of the 10.1016/j.mencom.2019.11.022.
terminal carboxyl groups, thus allowing to increase their 8. Voloshin Y.Z., Buznik V.M., Dedov A.G. Pure Appl. Chem.
surface concentration on a surface of the ceramic supports 2020, 92, 1159. DOI: 10.1515/pac-2019-1105.
(substrates), and, therefore, that of the catalytically active ~ 9. Belunova L.V, Gribkov V.N., Chemyak A.l., Mizyurina G.T.,
single-atom metallocenters. Mordovin O.A., Mukhanova E.E., Patent US 5.569.423, 1996.
10. Schetanov B.V., Ivakhnenko Yu.A., Babashov V.G. Russ. J.
Gen. Chem. 2011, 81, 978. DOI: 10.1134/S1070363211050288.
. . . 11. Armour for ‘Buran’. Materials and Technologies of VIAM for
Acknowledgements. The synthesis of a given ruthenium the International Space Station ‘Energy-Buran’ (Kablov E.N.,
cage complex was supported by the Russian Foundation for Ed.), Moscow: Nauka i Zhizn’, 2013 [[locriexu s Bypana.
Basic Research (grant 18-29-23007). Catalytic experiments Martepuans! 1 TexHonornd BUAM mist MKC "Sreprusi-Bypan”
were supported by the Russian Science Foundation (grant (Kabnos E.H., pex.), M.: Hayka u xwusub, 2013].
20-13-00138). The optical measurements was performed in 12. Chuprin AS. Belova S.A., Bugaenko M.G., Vologzhanina
a framework of the IGIC RAS state assignment in the field AV, Loktev A.S., Voloshin Ya.Z., Buznik V.M., Dedov A.G.
of basic scientific research. NMR and XRD experiments Kin. Cat. 2022, 63, 108. DOI: 10.1134/S0023158422010025.
were performed with a financial support from Ministry of 13 Wojdyr M. J. Appl. Cryst. 2010, 43, 1126. DOL
Science and Higher Education of the Russian Federation 10.1107/50021889810030499.
using an equipment of Center for molecular composition 14. Sheldrick G.M. Acta Cryst. 2015, C71, 3. DOL
studies of INEOS RAS. 10.1107/82053229614024_218. _
15. Dolomanov O.V., Bourhis L.J., Gildea R.J., Howard JAK.,
Puschmann H. J. Appl. Cryst. 2009, 42, 339. DOI:
10.1107/S0021889808042726
References 16. Marmier M., Wise M.D., Holstein J.J., Pattison P., Schenk K.,
Solari E., Scopelliti R., Severin K. Inorg. Chem. 2016, 55, 4006.
1. Holmen A. Catal. Today 2009, 142, 2. DOLI: DOI: 10.1021/acs.inorgchem.6b00276.
10.1016/j.cattod.2009.01.004. 17. Shannon R. D. Acta Cryst. 1976, A32, 751. DOL:
2. Enger B.C., Lodeng R., Holmen A. Appl. Catal. A, 2008, 346, 1. 10.1107/S0567739476001551.
DOI: 10.1016/j.apcata.2008.05.018. 18. Limarev I.P., Zelinskii G.E., Vologzhanina A.V., Zubavichus

3. York AP.E, Xiao T., Creen M.L.H., Claridge J.B. Catal. Rev.
2007, 49, 511. DOI: 10.1080/01614940701583315.

122

Y.V., Voloshin Y.Z. Macroheterocycles 2021, 14, 229. DOI:
10.6060/mhc210843z.

Received 15.04.2022
Accepted 22.04.2022

Maxpozemepoyurxiavt / Macroheterocycles 2022 15(2) 117-122



