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Abstract

A set of 22 composites was prepared by pyrolysis of Cu** complexes with phenanthroline and 1,2-
diaminobenzene, deposited on SiO» (Aerosil). All composites contained Cu and carboneous
components, while some of them additionally contained Cu,O or CuCl. According to the data of
powder X-ray diffraction, the size of Cu nanoparticles was 20-37 nm. The presence of Cu
nanoparticles was confirmed by TEM, while some aggregates were found by SEM. The composites
were tested as the heterogeneous catalysts in the process of cycloaddition of propargylamine with 4-
oxocyclohexanecarboxylate leading to ethyl 5,6,7,8-tetrahydroquinoline-6-carboxylate. It was found
that the product yield did not correlate with Cu content in the reaction mixture or other single
parameters, but reached maximal values at certain values of parameters, proportional to the surface
of Cu and surface of C, exposed to the reagents. It was found that the leaching of Cu takes place upon

repeated use of the composites.
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Cycloalkane ring-fused pyridines are valuable small hydrophilic sp>-saturated building blocks
for medicinal chemistry!!*!. Such pyridines can be found in several biologically active molecules,
such as antibiotics®), antifungals!¥, medicines for Alzheimer's disease treatment!, as well as
antitumor and anticancer drugs®’l. A series of CXCR4 antagonists bearing 5,6,7,8-
tetrahydroquinoline fragment was reported 1%, Wide application is a reason for the significant

importance of this building block. Hydrogenation of the pyridine ring in the cycloalkane ring-fused
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pyridines leads to the respective cycloalkane-fused piperidines, which also hold a position among the
most popular scaffolds in medicinal chemistry!!!).

During the last century, the methods of cycloalkane ring-fused pyridines preparation evolved
from multi-step sequences to single-step atom-efficient reactions mostly based on cyclic ketones as
the starting materials. Several single-step methods of cycloalkane fused pyridines synthesis were
reported. Abbiaty et. al. described a preparative method for the synthesis of cycloalkenopyridines
from cyclic ketones and propargylamine!'?!. In this seminal study, it was shown that sodium
tetrachloroaurate was the most suitable and reliable catalyst for this reaction. Later, metallic
nanoparticles (Au, Ag, Cu) deposited on alumina were used as catalysts for the oxidative cyclization
of enamines, obtained from propargylamine and ketones!!*!. Again, it was found that Au-containing
systems had the best performance, while the use of Cu-impregnated alumina as a catalyst led to ca.
70 % conversion of ketone (such as acetone) to pyridine (such as 2-picoline) at 125 °C and 5 bar
pressures of oxygen. However, the conversion of acetone fell to ca. 45 % after 1.5 hl!*], Recently we
showed that Cu'! salts could be used as the catalysts for multigram synthesis of fused pyridines!'*l.
The use of air at ambient pressure instead of pressurized oxygen was an additional advantage of our
method.

At the same time, the pharmaceutical industry requires compounds in kilograms or even larger
scales, so development of the methods suitable for implementation in flow reactors is the logical
continuation of the synthetic evolution. To achieve high performance, switching from homogeneous
to heterogeneous catalysis seems to be almost inevitable. In addition, the use of heterogeneous
catalysts leads to the simplification of product purification from the contamination of the metal ions,
facilitates reuse, and reduces e-factor (i.e., a quantity of waste and pollution of the environment)!'>~
17

Heterogenization of the metal-containing catalysts is accompanied by the problem of the
active component dispersion because only surface can participate in reactions in the case of solids.
High dispersion of the catalytically active sites can be achieved by their incorporation into the
structure of porous materiall'®2% or deposition of catalytically active species on the support with a
high specific surface, the latter approach has been commonly used for development of the

21-23

catalytically active compositesi?! >3], Metal-organic frameworks or coordination polymers can

contain accessible catalytically active metal ions in each structural motif, for example, Cu' 1,2,3-
benzenetricarboxylate can be an efficient catalyst with the highly accessible surfacel!#2426],

A combination of different metals and a porous matrix with known texture characteristics
makes it possible to obtain composite materials with desired catalytic and sorption properties?’-?%],
By varying the content and chemical properties of the porous material such as acidic and basic sites
or redox centers, and the nature of the incorporated metal, a multifunctional catalyst suitable for

tandem catalysis can be obtained?®!. Immobilization of the metallic particles on porous supports such

https://doi.org/10.26434/chemrxiv-2023-nOmf2 ORCID: https://orcid.org/0000-0003-4281-8268 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-n0mf2
https://orcid.org/0000-0003-4281-8268
https://creativecommons.org/licenses/by/4.0/

31,32

as porous organic polymers (12°3%), covalent organic framework 121 metal-organic frameworks,

zeolites!*>34 Si0, B33 Ti0,1*831 Ce0,/*%) and other porous materials is widely used for design of

the catalyst for many processes. Such materials exhibit catalytic activity in the CO oxidation!!®¢]

CO: methanation*!, oxidation of benzylic C—H bond?***], hydrogenation of nitroaromatics!?’-%42],
nitriles®”], reductive N-alkylation of amides!*’], Ullmann reactions*®], Suzuki-Miyaura Coupling
Reaction*! and so on.

In this study, we intended to develop the heterogeneous Au-free catalyst of oxidative
annulation of cyclic ketones with propargylamine, suitable for use in the flow reactors, and to find
conditions for high yields of the fused pyridines in the presence of such systems in an atmosphere of
air (as we managed in our previous study for CuCL!'#)). The idea of the work was that Cu-containing
composites, prepared by thermal decomposition of Cu'' complexes with DAB and Phen (where DAB
is 1,2-diaminobenzene, Phen is 1,10-phenanthroline) on SiO; surface, would have high catalytic
performance in the Cu-catalyzed process, similarly to the previously reported cases where

[44-48] ~ Thermal

catalytically active metal-containing composites were prepared by pyrolysis
decomposition of Cu"" complexes was chosen as the method for preparation of the catalysts due to its
simplicity and suitability for scale-up, which is important in the case of preparation of large batches
of the catalysts. Si0, used was Aerosil, it was chosen as a solid porous support for the immobilization
of Cu species because of its high surface, thermal stability as well as stability under the reaction
conditions, and, in addition, its low price.

The composites obtained herein are marked as Cu@SiO2-X, where X is the entry number
(Table 1). A significant quantity of carbon was also found in the samples, and we supposed that the

43491 (it was

carboneous component could make influence on the catalytic performance of the samples!
previously supposed that the carboneous materials could have catalytic activity in organic
reactions°>>!']). The resulting composites were studied by XRD, SEM, TEM, RAMAN and EDX;
the catalytic properties of the composites in the reaction of ethyl 4-oxocyclohexanecarboxylate with
propargylamine leading to ethyl 5,6,7,8-tetrahydroquinoline-6-carboxylate (Scheme 1) were tested.
This reaction was chosen as a model because of the simple spectral characterization of the reaction

mixtures, the non-volatility of the starting ketone and the product, and the importance of the product

as the starting compound for fine organic synthesis.
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Figure 1. Reaction of ethyl cyclohexa-4-one-1-carboxylate with propargylamine catalyzed

be Cu@SiO,
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Experimental

Commercially available reagents — copper(Il) acetate hydrate, copper(Il) chloride dihydrate,
1,2-diaminobenzene, and phenanthroline hydrate (UkrOrgSyntez Ltd., Ukraine) were used without
further purification. Propargylamine and 4-oxocyclohexanecarboxylate were additionally purified by
vacuum distillation. Aerosil A-175 was used as a SiO: carrier for composite preparation. TEM
measurements were performed using a PEM-125 K instrument (SELMI, Ukraine) operating at 100
kV acceleration voltage. Samples were prepared as previously described*®]. Powder X-ray diffraction
measurements were performed using Bruker D8 Advance diffractometer with CuKao radiation
(A=1.54056 E). Raman spectra of the composites were measured using MDR-23 spectrometer
equipped with an Andor CCD camera and a solid-state laser with an excitation wavelength of A =457
nm. Cu content in the composites and the reaction mixtures after experiments was determined by
atomic adsorption spectroscopy (AAS) using 1ICE3500 spectrometer (Thermo Scientific, USA) with
acetylene-air flame atomization. Energy-dispersive X-ray spectroscopy (EDX) was carried out on a
scanning electron microscope FEI Inspect equipped with EDAX Genesis EDX-System. The values
of elements content were averaged for 5 EDX measurements in different places of the sample. The
reaction mixtures after the catalytic tests were analyzed by 'H NMR (Bruker Advance 400

spectrometer) using 1,3,5-trimethoxybenzene as an internal standard.

Synthesis of the composites. Cu(OAc)2-H20 or CuClz-2H>0 and N-containing organic components
(DAB or Phen) were fully dissolved in methanol under stirring at 60 °C (masses of reagents and
sample coders are presented in Table S1, Supporting Information). The Cu content in the composites
varied from 0.8 to 16.2 %. Then Aerosil powder was added to the solution of copper complex and
solvent was evaporated at stirring at 60 °C until formation of dry powder. The powders were finely
grinded, transferred into the ceramic crucibles, and placed in a tubular furnace, which was purged
with argon for 15 minutes, then heated to 300-600 °C depending on pyrolysis temperature (Table 1)
at certain heating rate (Table 1), and kept at a set temperature for one hour in an argon atmosphere,
then cooled to room temperature in argon.

The catalytic tests were carried out according to a previously published procedure!*lwith a
1.5-3 mmol of ethyl 4-oxocyclohexanecarboxylate (1 eq) and propargylamine (2 eq) in isopropyl
alcohol at reflux(Scheme 1). After 3.5 h of the reaction the catalyst was separated, the reaction
mixture was passed through SiO; pad and washed off with chloroform and ethylacetate. The solvents
were removed under vacuum and known quantity of 1,3,5-trimethoxybenzene (standard) was added
to the residue and dissolved in CDCls. The reaction mixtures were analized by 'H NMR spectroscopy,
the quantities of the compounds were determined by integration of the signals relative to the signals
of standard. The yield of the 3 was calculated as ratio of the quantity 3 in the residue after the catalytic

test to the initial quantity of the 4-oxocyclohexanecarboxylate (1). The weight of the catalysts was
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not adjusted to a certain content of Cu or C, because we supposed that both Cu and C could have
catalytic activity. To calculate the amount of copper in a sample weight, the copper content
determined by the AAS was used.

Results and discussion

The composites Cu@Si0»2-X were obtained by impregnation of Aerosil or activated carbon
(Cu@SiO»-11) with solutions of Cu' complexes (prepared in situ) with 1,2-diaminobenzene (DAB)
or 1,10-phenanthroline (Phen) followed by pyrolysis of the samples in an argon atmosphere. Two
types of starting compounds were taken, i.e., the complexes containing DAB and Phen. Besides,
copper and carbon content, temperature of pyrolysis, and pyrolysis rate were varied to reveal the
influence of these factors on the performance of the composites in the catalytic reaction.

The content of copper in the composites was analyzed by AAS and EDX methods. According
to AAS, overall Cu content in the obtained composites was in the range from 0.8 to 16.2 %. Apparetly,
copper particles located on the external surface of the support exhibit catalytic activity, because they
are easily accessible to reagent molecules. Therefore, to estimate the amount of copper on the surface
of the composite particles, EDX was used as the most suitable method for characterization of the
chemical composition of the surface and elemental analysis of insoluble materials. Though this
method has some limitations in characterizing samples, it could provide information on the content
of C, N, O in the surface layer of the samples. According to EDX data (Table 1), the surface layer
contained Cu, C, N, and Si (except Cu@SiO-11, which was prepared using activated carbon RWAP-
1208 instead of SiO2). The values of mean mass fractions for Cu were in the range from 2% up to
23%, and these values expectedly grow with the increase of overall Cu content (measured by AAS).
This fact may indicate that copper is mainly located on the outer surface of the composite particles
and therefore is accessible to reagent molecules.

The mean mass fraction for carbon and nitrogen according to EDX data was in the range of
4% to 56% and 1.6% to 13%, respectively. It is interesting to note that on average the carbon content
in the DAB-based composites was higher compared to Phen-based ones, although the carbon content
in the DAB was significantly less than in Phen. Probably during pyrolytic destruction, DAB formed
more ‘“dense” carbon deposits around copper due to its size smaller than Phen and remained
preferably in the composite rather than leaving it in the form of gaseous products.

In the resulting composites, carbon probably forms separate phase, while nitrogen is

incorporated into this carboneous phase, resulting in formation of N-doped carbon.
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Figure 2. Mass fraction for carbon and nitrogen measured by EDX depending on ligand mass fraction

of corresponding element before pyrolysis.

Table 1. Content of elements in the surface layer of the composites measurred by EDX

Sample Cu, % by | C,% by weight | N, % by weight | Si, % by weight | O, % by weight
weight

Cu@SiO:-3 6.7 27.9 3.0 26.2 36.1
Cu@SiOz-4 2.0 40.8 24 16.6 38.0
Cu@SiO»-6 9.8 41.6 6.3 14.6 27.6
Cu@SiO2-9 3.9 51.9 7.3 8.3 28.4
Cu@SiO»-10 4.2 4.1 1.3 52.8 37.4
Cu@SiO»-11 9.8 14.6 3.7 36.8 35.1
Cu@SiO:-12 6.3 14.7 1.6 40.4 36.8
Cu@SiO»-13 3.7 32.0 4.3 27.1 32.8
Cu@SiO:-14 4.4 4.8 1.6 51.6 37.5
Cu@SiO»-15 9.7 7.8 1.9 454 34.9
Cu@SiO»-16 10.3 14.7 22 37.7 34.9
Cu@SiOx-17 33 24.6 2.1 30.7 39.2
Cu@SiO»-18 22 47.2 4.2 12.2 34.0
Cu@Si0O,-20 2.0 41.2 2.1 18.7 35.8
Cu@SiO,-21 7.1 5.7 1.6 50.6 34.8
Cu@C-1 23.1 56.4 13.3 0 6.4
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Table 2. Catalyst preparation conditions, identified phases and partciles size calculated from XRD

data and yields of 3 for obtained composites

Sample Cu''salt | Liga |Ligand: Cu | Temperatur | Pyrolysis Phases Cusize | Yields of
nd |Curatio |content e of rate, °C | identified by by 32,%
1% | pyrolisis, per XRD Sherrer
°C minute equation,
nm

Cu@SiO,-2 Cu(OAc), | Phen 2 0.8 600 5 Cu 26 31
Cu@SiO,-3 Cu(OAc), | Phen 2 8.4 300 10 Cu 20 56
Cu@SiO»-4 Cu(OAc), | Phen 2 2.9 300 10 Cu 27 51
Cu@SiO2-5 CuCl, DAB| 0.5 74 400 20 Cu; CuCl 27 48
Cu@SiO2-6 Cu(OAc) |DAB 2 16.2 400 4 Cu 28 48
Cu@SiO2-9 Cu(OAc) |DAB 2 9.1 400 10 Cu 173 42
Cu@SiO»-10 | Cu(OAc), |Phen 2 6.6 400 10 Cu 27 33
Cu@SiO»-11 CuCl, DAB| 0.65 7 600 5 Cu 37 38
Cu@SiO»-12 | Cu(OAc), |Phen 2 6.4 400 4 Cu; Cu,0 25 41
Cu@SiO»-13 | Cu(OAc), |Phen 2 3.3 400 4 Cu 29 27
Cu@SiO>-14 | Cu(OAc), |Phen 2 3.3 400 4 Cu 31 29
Cu@SiO>-15 | Cu(OAc), |Phen 2 6,3 400 20 Cu; Cu0 30 35
Cu@SiO2-16 | Cu(OAc), | Phen 2 8.2 400 20 Cu; Cu,0 27 40
Cu@SiO2-17 | Cu(OAc), | Phen 2 24 400 20 Cu 29 45
Cu@SiO,-18 CuCl, DAB 2 4.2 400 20 Cu 33 62
Cu@SiO;-19 CuCl, DAB| 0.25 11.9 400 20 Cu; CuCl 473 58
Cu@Si02-20 | Cu(OAc), | Phen 2 29 600 5 Cu 33 28
Cu@SiO2-21 | Cu(OAc), | Phen 2 7.2 600 5 Cu 31 35

Cu@C-1 Cu(OAc), |DAB 2 8.8 300 10 Cu 14 46

Vaccording to AAS data
2 after 3.5 hours of the reaction; formula of 3 is shown on Fig. 1
3 weak XRD signal. Size was calculated for only one peak with 20 = 43.3

4 value is calculated according to the synthetic procedure

On the powder X-ray diffraction patterns of all samples the peaks at 26 = 43.2 and 50.3 were
observed. These peaks correspond to 111 and 200 crystallographic planes of the metallic Cu (Fig. 3)
52,531 thus, metallic Cu was observed in the powder XRD patterns of samples, formed at 300 °C and
higher temperatures. It could be concluded that his temperature was already sufficient for the

reduction of Cu'! by the organic ligands (Phen or DAB).
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Figure 3. XRD patterns of the representative samples of the composites.

Among the composites prepared from CuCly, the powder diffraction patterns of the Cu@SiO»-
19 and Cu@Si0»-5 contained the peaks corresponding to CuCl (20 = 33.1, 47.4, and 56.3)545,
These composites were obtained at DAB:Cu ratios 0.25 and 0.5, respectively. Formation of CuCl can
be explained by an insufficient quantity of the organic ligand for the reduction of Cu'' to metallic Cu
in these two cases. In the case of Cu@SiO:-11, DAB:Cu ratio was 0.65 and reflexes of CuCl were
not observed on XRD pattern, so the amount of ligand at this level was sufficient for the complete
reduction of Cu'. For other composites obtained from CuClz no reflections of CuCl were found in
the diffraction patterns. The composite Cu@Si0O,-18 was prepared with DAB:Cu ratio equal to 2 and
the absence of CuCl in this composite was confirmed by the XRD and EDX methods. Thus, in the
case of pyrolysis of samples obtained from the reaction mixtures with ligand:Cu ratio > 0.65, Cu"
was completely reduced and chlorine was removed.

In turn, PXRD patterns of Cu@Si02-12, Cu@SiO»-15, and Cu@Si0O»-16 contained the peaks
which could be assigned to CuO (20 = 36.4, 42.3)P% in addition to the peaks of metallic Cu. These
composites were prepared by pyrolysis of complexes obtained from Cu(Ac)z and Phen with Phen:Cu
ratio equal to 2. The same Phen:Cu ratio was used for synthesis of other composites, which did not
contain CuxO. In contrast to the composites, made from CuCla, in the case of Cu(Ac)>-Phen system

there is apparently no relation between "completeess" of Cu'' reduction and ligand-to-copper ratio,

because different products formed at the same Phen:Cu ratio.
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Thus, pyrolysis of Cu'' complexes with DAB and Phen lead to formation of metallic Cu,
apparently due to reduction of Cu" with organic ligand or the products of its decomposition. In some
cases, the quantity of the organic ligand was, probably, insufficient for complete reduction of all Cu"!,
and in such cases CuCl or Cu,O formed (proving this supposition requires detailed studies of the
pyrolysis mechanism and evaluation of the balance between Cu'' and available reducers, which are
different in the cases of Phen and DAB. This task was out of the scope of this study). -Anyhow, the
presence of Cu20 or remaining CuCl did not apparently affect the catalytic activity of the composites.

The size of Cu crystallites in the obtained composites was calculated by Sherrer equation and
the values shown in Table 1 are the mean values for sizes, calculated for all reflections (if other is not
explicitly stated)®”). The size of such crystallites according to XRD data varied from 13 nm (Cu@C-
1) to 47 nm (Cu@SiO2-19). We assumed, that the size of Cu particles could be influenced by pyrolisis
parameters or composition of mixture. Similarly, copper content in the mixture used for pyrolysis
showed no relation to particles size. However, samples obtained at different pyrolysis rates contained
particles with very different sizes, so this parameter seems to have no relation to the particles size
(Fig. 4a). At the same time, temperature shift from 300 °C to 400 °C and further rise to 600 °C led to
bigger particles (Fig. 4b). It also can be noted that composited prepared from DAB complexes

generally gave bigger particles.

Ligand 4 Ligand
45 ® Phenantroline 45 ® Phenantroline
» DAB o DAB
40 40
35 35
4 ® . 2 .
@ @
g |® : g $ o
= L 2 .
vl - L ] [0 =
a o = a b °
25 . 25 L]
20 bt 20 ®
15 15
5 10 15 20 25 30 300 350 400 450 500 550 600
Pyralisis rate, °C per minute TC

(a) (b)
Figure 4. Mean particles size (determined by Sherrer equation) vs. pyrolysis rate (a) and
pyrolysis temperature (b).

TEM images of Cu@SiO»-18 and Cu@SiO»-19, which provided the highest product yield, are
presented in Figure 5. Individual dark spherical particles of about 50 nm size can be observed in TEM
images. These particles can be assigned to metallic Cu or core-shell particles Cu@C. The size of
particles, found by TEM, exceeds the size of Cu crystallites, estimated by powder XRD (33 and 47
nm, Table 1), the difference can be explained by the presence of a non-crystalline shell on the surface

of the particles.
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(a) (b)
Figure 5. TEM images of Cu@Si02-18 (a) and Cu@SiO2-19 (b).

Quite surprisingly, very large Cu partciles were found by SEM in some samples (Fig. 6). Cu
particles in the form of polyhedra ranging in size from 150 to 400 nm were found on the SEM image
of Cu@Si0O-4 (Fig. 6(a)) and aggregates of particles of similar size, but elongated shape were found
in the case of Cu@SiO2-9 (Fig. 6(b)).These images were obtained in back-scattered electron mode
(BSE) in order to distinguish copper phase phases on the surface unambiguously, because Cu
nanoparticles can be observer as the most bright particles due to larger atomic number compared to
Si or C. These data do not agree with the results of powder XRD examination, and probably large

part of Cu is desposited as smaller particles.

SEM HV: 10.0 kV ‘WD: .81 mm 11 MIRA3 TESCAN| SEM HV: 10.0 kV ‘ WD: 8.72 mm MIRA3 TESCAN|
View field: §.00 pm Det: BSE View fleld: 200 ym ‘ Det: BSE 50 pm

SEM MAG: 37.9 kx

(a)
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Figure 6. SEM images of Cu@SiO»-4 (a) and Cu@SiO2-9 (b)

In order to obtain information on the carboneous component, Raman spectra of the

composites, which provided the highest product yield, were analyzed®®. Three Raman peaks could
be distinguished in the spectra, which were attributed to the bands D (~1350 cm-1), G (~1580 cm-1)
and D’(~1620 cm-1), respectively. D-band is characteristic for carbon materials, while D- and D’-
bands corresponds to the presence of defects in the graphene structure in such carbon materials®-%l,
The ratio of intensities I(D)/I(G) in case of Cu@SiO»-18 was 0.8 and in case of Cu@Si0,-19 it was
1.1, indicating that the latter sample had comparatively more defects in its structure then the former.
Analysis of Raman spectra according to 8! allows to assume, that defects in structure of Cu@SiO»-

18 and Cu@Si0»-19 are the edge defects (Fig. 7).
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Fig. 7. Raman spectra of Cu@SiO»-19 (a) and Cu@Si0O;-18 (b) samples and evaluation of
type of defects in Cu@SiO2-19 and Cu@SiO»-18 (c) (straight lines are drawn according to %),

Catalytic properties of the composites
Catalytic tests were carried out according to optimal procedure published in our previous
study!'*. As mentioned in the Experimental section, the same weights of the catalysts were used in

the experimends (despite different Cu content), because it was supposed that both Cu and C could
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have catalytic activity. Use of the same weigths of the composites allowed to plot the yields of the
product vs. content of different components in the reaction mixtures.

The highest yield of the product 3 was achieved in the case when the reaction mixture
contained 4.2 % of Cu, introduced as a composite (Fig. 8). On the other hand, in the reaction mixtures
containing more than 5 % of Cu the yield was lower, than in the cases when there was less than 5 %
of Cu (hereinafter percents mean mol. % of Cu relative to quantity of 1). Thus, there was no relation
between the the yields of the product and the amount of copper in the reaction mixture. Moreover,
the yield in the experimens with Cu-containign composites did not reach the values, previously found
for the homogeneous systems containing CuCl,. Such observation can be an evidence that Cu was
not completely "washed out" in the experiments; this issue will be considered below in more details.

In separate experimens the quantity of Cu which was "washed out" from the composites to the
solution was analyzed. In the case of Cu@Si02-19, the reaction mixture initially contained 11.9 % of
Cu as solid in the composite; after completion of the reaction Cu content in solution was 3.1 %
(relative to initial quantity of 1). In this case, high yield of 3 could be acieved due to dissolved Cu,
because addition of 2.5 % of Cu allowed to reach even higher yield (Fig. 8). Situation was completely
different for the cases of low Cu loading. Washing out of the same fraction of Cu could not ensure
high yield of 3, if only dissolved Cu was active (Fig. 8). Such analysis gives evidences for the catalytic

action of Cu in solid phase, however contribution of the dissolved Cu can't be excluded.
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Figure 8. Dependency of product yields on Cu content in the reaction mixture. Solid lines indicate
the yields, reached in similar conditions using CuCl; as soluble catalyst. These lines were plotted

using data published in previous article!'¥,

In order to compare the catalytic properties of different samples, turnover numbers (TON)
were calculated as ratio of the 5,6,7,8-tetrahydroquinoline-6-carboxylate quantity (mol) formed after
3.5 h of the reaction to overall copper quantity (mol) in the reaction mixture. Such TON values were
in range from 3 to 53, and it can be concluded that Cu content in the reaction mixture did not govern
the product yield (or activity of Cu differed in more than 10 times for different composites).

The highest TON values were observed for the cases of composites obtained by pyrolysis of
copper complexes with Phen (Fig. 9), while for the reactions, carried out in presence of DAB-based
composites high TON values were not observed. In turn, high TON values (>50) were observed for
the composites, prepared at different pyrolysis temperatures (Fig. 9(a)), as well as at different

pyrolysis rates (Fig. 9(b)), thus there was no correlation between these parameters and catalytic

activity.
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Figure 9. The plots of TON vs. pyrolysis temperature (a) and pyrolysis rate (b) applied for synthesis

of the composites.

In order to check if the catalytic activity of Cu could be modified by C or N, the plots of TON
vs. content of carbon and nitrogen in the surface layer of the composites, measured by EDX, were
build (Fig. 10). Since identical weights of the composites were used in different experiments, the
fractions of C and N in the composites are proportional to their contents in each reaction mixture. No
correlation between TON and contents of C, N were found. It just can be noted, that in the case of
DAB-based composites higher contents of carbon and nitrogen led to lower TON values, while in the

case of Phen-based composites higher TON values were achived.
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Figure 10. The plots of TON vs. content of C and N in the surface layer of the composites,
measured by EDX.

According to EDX data, samples Cu@Si0:-14 and Cu@SiO»-18, which showed good product
yield, had a high carbon content at the 41% and 47% levels. It could be supposed that carbon, along
with copper, contributed to the catalytic performance of the composites in this reaction. In order to
check this supposition, the yields of 3 were plotted vs. parameters Xcu and Xc, which characterized
the amounts of copper and carbon, respectively, located on the outer surface of the composites and
accessible to the reagent molecules. These parameters Xcu and Xc were calculated as the contents of
copper and carbon, respectively, in the composites according to the EDX, multiplied by the mass of
the composite in the reaction mixture, taking in mind that the surface of the composites should be
similar (the latter supposition is reasonable, because all composites were prepared by decomposition
of the complexes on the same support).

On the plot of yields vs. Xcu and Xc (Fig. 11), an extended maximum limited by brown area
can be observed, this are is approximately located between Xc values 2.75 and 3.75, and for Xcu <
1.3. The top of this surface is located at Xcu = 0.8 and Xc = 3.25. According to the diagram, the yield
of product 3 almost does not depend on the Xcu content, because the brown region of the high values
of the product yield lies parallel to the 0x axis, but strongly depends on the Xc. This observation can

evidence for important role of carbon in catalytic performance of the composites.
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Figure 11. Diagram of yield vs. accessible exposed copper and accessible exposed carbon

Reusability and heterogeneity of Cu@SiO; composites were studied on the example of the
Cu@Si0;-18 and Cu@Si0,-19, which were selected as the most productive composites among other
samples in this study. According to XRD data, no copper chloride or copper oxide was included in
the Cu@SiO»-18. Cu content in this composite was 5.3 % by weight. The first catalytic cycle was
carried out with Cu@Si0O,-18 during 3.5 h at reflux. The solid residue of Cu@SiO»-18 after the
catalytic experiment was separated by filtration, washed with 15 mL isopropyl alcohol, dried under
vacuum (15 Torr) at 45 °C and a small amount of the Cu@Si0O»-18 and the reaction mixture after the
catalytic experiment were analyzed by AAS to determine the copper leaking. The remaining part of
Cu@SiO2-18 was used in the next catalytic cycle and copper content in the solid residue of the
composite was analyzed again in the same manner. It was found that copper gradually leached out of
the Cu@Si0»-18 after each catalytic cycle, and after the 4th cycle, the copper content in the composite
decreased to 2.3%. Copper was found by AAS in all reaction mixtures after each catalytic cycle. The
yield of the 5,6,7,8-tetrahydroquinoline-6-carboxylate after the second catalytic cycle decreased from
62% to 39% and then it insignificantly decreased in further catalytic cycles, reaching 26% on the
fourth cycle. Very similar tendency was found for Cu@SiO»-19.
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Figure 12. Yield vs. copper content on same sample in the series of consequent experiments
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Figure 13. Decreasing yield of 3 in the series of consequent experiments
It should be noted, that for the series of samples, obtained by consequent "washing out" of
copper from the same statring material, the yield of the product 3 linearly depended on Cu content in
the reaction mixture, implying that all Cu atoms in the composite have similar specific catalytic

activity.

Conclusions

In the study a series of Cu-containing composites was prepared by thermal decomposition of
Cu'! complexes with Phen and DAB deposited on Aerosil. One sample (Cu@C-1) uses activated
carrbon RWAP-1208 instead of silica powder. The obtained composites contained metallic copper as
nanoparticles along with significant quantity of N-doped carbon, which formed upon pyrolysis of the
organic ligands. It was shown in the catalytic experimends, that the composites catalyzed reaction of
propargylamine with ethyl 4-oxocyclohexanecarboxylate leading to ethyl 5,6,7,8-
tetrahydroquinoline-6-carboxylate. Such catalytic activity originated from the active sites on the
surface of the composite, however contribution of the dissolved Cu cannot be excluded. It was found
that Cu content in the reaction mixture was not the factor, which controlled the yield of the product.
Quite unexpectedly, both content of Cu and C were responsible for formation of the product, and the
product yield was more sensitive to the value of carbon surface, exposed to the reagents, rather than
to the value of exposed copper surface.

The composites developed in can be directly used in flow reactors for synthesis of fused
pyridines, however their stability is still insufficient and should be improved. However, an important
finding is that the carbon plays important role in reaction of ketones with propargylamine. This
finding can give rise to new research directed on development of active catalysts for the considered
reaction. In addition, this work is a one more step towards development of noble-metal-free catalysts
for organic reactions, in particular, for replacement of Au-based catalysts of cycloaddition of

propargylamine to ketones.
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