PP catalysts @U

Article
Sustainable Hydrogenation of Vinyl Derivatives Using
Pd/C Catalysts

Roman M. Mironenko !, Elina R. Saybulina !, Liudmila N. Stepanova !, Tatiana I. Gulyaeva !,

Mikhail V. Trenikhin !, Konstantin S. Rodygin 2 and Valentine P. Ananikov >*

1 Center of New Chemical Technologies BIC, Neftezavodskaya st. 54, 644040 Omsk, Russia;
mironenko@ihcp.ru (R.M.M.); e.r.saybulina@chemomsu.ru (E.R.S.); Ichem@yandex.ru (L.N.S.);
tangul-8790@ihcp.ru (T1.G.); tremv@yandex.ru (M.V.T.)

Institute of Chemistry, Saint Petersburg State University, Universitetskiy pr. 26,

198504 Saint Petersburg, Russia; k.rodygin@spbu.ru

N. D. Zelinsky Institute of Organic Chemistry, Leninsky pr. 47, 119991 Moscow, Russia

*  Correspondence: val@ioc.ac.ru; Tel.: +7-499-135-9079

Abstract: The hydrogenation of unsaturated double bonds with molecular hydrogen is an efficient
atom-economic approach to the production of a wide range of fine chemicals. In contrast to a number
of reducing reagents typically involved in organic synthesis, hydrogenation with Hj is much more
sustainable since it does not produce wastes (i.e., reducing reagent residues). However, its full
sustainable potential may be achieved only in the case of easily separable catalysts and high reaction
selectivity. In this work, various Pd/C catalysts were used for the liquid-phase hydrogenation of
O-, S-, and N-vinyl derivatives with molecular hydrogen under mild reaction conditions (room
f,';,eﬁtfeos' temperature, pressure of 1 MPa). Complete conversion and high hydrogenation selectivity (>99%)

were achieved by adjusting the type of Pd/C catalyst. Thus, the proposed procedure can be used
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as a sustainable method for vinyl group transformation by hydrogenation reactions. The discovery
of the stability of active vinyl functional groups conjugated with heteroatoms (O, S, and N) under
hydrogenation conditions over Pd/C catalysts opens the way for many useful transformations.
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the mining of fossils led to revision of the criteria for manufacturing efficiency, followed by
a shift in focus from the largest amounts in favor of waste reduction and atom economy [4,5].
The exhaustion of available reserves and dispelling of the myth of endless fossil resources
have brought sustainability to the forefront.

Improvement of the existing methods and development of new ones for the conversion
of biomass-derived building blocks into valuable fine chemicals plays a crucial role in
sustainable development projects. The construction of molecules from bio-derived blocks,
as well as biofuel production, has a key advantage over the use of hydrocarbons [6-9].

= Biomass is a rapidly renewable resource, access to which opens a number of sustainable
opportunities.

The construction of closed carbon-neutral cycles [10], including the stages of syn-
thesis, application, utilization, and regeneration of carbon-containing molecules, has a
fundamentally important role [11]. We previously showed that the conceptual possibility
of constructing closed carbon-neutral cycles is provided by atom-economical addition
reactions based on calcium carbide (Scheme 1) [12]. Calcium carbide can be obtained by
cyclic technology using lime (calcium carbonate and calcium oxide) and various sources
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of elemental carbon (regenerated carbon, bioderived carbon, coke, charcoal, anthracite,
etc.) [12,13]. Acetylene, the simplest alkyne, released during hydrolysis is a molecule of
choice for a sequence of atom-economic addition reactions. Available positions with an
unsaturated bond can be filled with the desired blocks in the required sequence.

Step 1: known Step 2: known Step 3: this work
CaC, sustainable cycle Functionalization Hydrogenation
H H
= - H H H o
¢ N e et e HGCH
Regenerated [Ca] Ca  First addition H X Second addition ~ H X\R
carbon U X=0,S,N R
Regenerated
Ca source

Scheme 1. An example of the possible implementation of carbon-neutral technology based on the
calcium carbide cycle, functionalization, and hydrogenation.

The closed CaC, loop was previously described in detail (Step 1, Scheme 1) [10,11].
Methodological approaches for the next step (Step 2, Scheme 1) have been well developed,
targeting the implementation of waste-free atom-economical reactions of the addition of
functional groups O-H [14-17], S-H [18], and N-H [19,20] to calcium carbide and obtaining
the corresponding valuable vinyl derivatives [12]. The nucleophilic addition proceeds
under superbasic conditions in good yields without the use of gaseous acetylene and can
be safely carried out in a laboratory. Labeled compounds with deuterium [21] and carbon
13C [22] incorporation can also be obtained that increase applications in further transfor-
mations: polymerization [23], Heck-like reactions [24], cycloaddition [25,26], and many
others. Here, we expand the scope of applications of vinyl derivatives and demonstrate
that molecular hydrogen can be successfully added to functionalized vinyl derivatives.

For a full-scale study and assessment of the potential of this synthetic approach, it is
necessary to carry out systematic investigations of the processes of further transformations
of the resulting vinyl derivatives. Catalytic hydrogenation is the cornerstone of a series of
waste-free, atom-efficient processes. Compared to chemical reduction methods, catalytic
hydrogenation with molecular hydrogen has significant environmental advantages.

In this work, we investigated for the first time the catalytic hydrogenation of vinyl
derivatives, namely, benzyl vinyl ether (BVE), nonyl vinyl ether (NVE), and dodecyl vinyl
sulfide (DVS). Hydrogenation of these practically important compounds has not been
previously reported and is a novel process studied here.

In addition, we also studied the hydrogenation of 9-vinylcarbazole (9-VC). Previ-
ously [27-29], it was shown that 9-ethylcarbazole (9-EC) can be obtained by reduction of
9-VC with hydrazine hydrate in the presence of metal catalysts. At the same time, there are
very few data on the catalytic hydrogenation of 9-VC with molecular hydrogen [30,31].

The hydrogenation of C=C bonds in vinyl derivatives can be accompanied by a side
reaction—hydrogenolysis of the bond between the carbon and a heteroatom [32]. The
relative rates of these reactions and, consequently, the selectivity for the target hydro-
genation product largely depend on the composition of the catalyst. According to the
literature [32,33], palladium catalysts are less active in hydrogenolysis than platinum
systems under mild reaction conditions. The performance of Pd/C catalysts in the hy-
drogenation of some vinyl ethers to the corresponding ethyl ethers was investigated in
previous studies [34-38].

The use of Pd/C catalysts for the hydrogenation of organic compounds with molecular
hydrogen is in demand not only in laboratory practice but also in the industrial production
of fragrances, pesticides, pharmaceuticals, and dyes [39-41]. Carbon-supported palladium
catalysts are currently among the most frequently used heterogeneous catalysts. Appar-
ently, the main reasons for this are the huge variety of forms of carbon materials [42], as



Catalysts 2021, 11, 179

3o0f14

well as the many unique properties of palladium as a chemical element [43]. The high
efficiency of Pd/C catalysts in hydrogenation with the possibility of tuning selectivity is
ensured when the physicochemical properties of the carbon surface and the structure of
catalytically active sites are optimized [44]. In the present work, we used Pd/C catalysts
prepared using different carbon materials and palladium precursors.

2. Results and Discussion
2.1. Characterization of Catalysts

Catalyst supports, namely, multi-walled carbon nanotubes (MWCNTs) and nanoglob-
ular carbons (carbon blacks) P278-E and T900, were characterized in previous works [45,46]
and used in the present study for the preparation of Pd/C catalysts. The MWCNT support
(SpeT = 213 m? g~1) exhibited a fiber-like morphology, and according to FTIR spectroscopy,
its surface was depleted of oxygen functional groups. P278-E (Sggr = 415 m? g~1) and T900
(Sper = 10 m? g~ 1) are nanostructured carbon materials consisting of aggregated globules
with average diameters of 31 and 170 nm, respectively. According to FTIR spectroscopy,
the nanoglobular carbons differ to some extent in the intensity of the absorption bands
corresponding to the C-O stretching vibrations of various surface oxygen functionalities.
P278-E nanoglobular carbon was produced by oxidative pyrolysis of aromatic hydrocar-
bons (furnace black process); therefore, its surface was enriched with oxygen functionalities.
In addition, this carbon support exhibits noticeable Brensted acidity in aqueous suspension
(pH of point of zero charge 6.1).

In the present study, the following readily available palladium compounds were
chosen for the preparation of Pd/C catalysts: Hy[PdCly] (chloride complexes, CCs);
Pd polynuclear hydroxo complexes (PHCs); palladium(Il) acetate, [Pd(OAc);]s; and
tris(dibenzylideneacetone)dipalladium(0), [Pd,(dba);]. These palladium precursors are
very different in composition, and various conditions are required for their deposition on
the carbon supports and for the formation of Pd nanoparticles (NPs).

According to TEM measurements and CO chemisorption data, the size of Pd NPs
in the reduced 2% Pd/C catalysts depends both on the nature of the carbon support and
on the composition of the palladium precursor (Figure 1, Table 1; see also Figures 52-57).
The 2% Pd-CCs/MWCNTs catalyst contained highly dispersed Pd NPs (average size of
2.2 nm), whereas in the samples based on nanoglobular carbons, Pd NPs were noticeably
larger in size. Among them, the P278-E-supported catalyst had dispersed Pd NPs with
quite narrow size distribution (Figure 1b), while Pd NPs in the 2% Pd-CCs/T900 catalyst
were larger in size with a wider distribution (Figure 1c). For the catalysts based on T900,
the use of Pd PHCs, Pd acetate, and [Pdy(dba);] as the palladium precursors led to the
formation of larger Pd NPs compared to those in the Pd-CCs/T900 catalyst (Figure 1d—f;
see also Table 1, entries 4-6). In addition, for the T900-supported catalysts prepared using
precursors with organic ligands, there was a significant discrepancy between the TEM
and CO chemisorption data. Thus, the 2% Pd-Ac/T900 catalyst had a Pd dispersion that
was too low, as measured from the chemisorption of CO (Table 1, entry 5). For the 2%
Pd-dba/T900 sample, no chemisorption of CO was observed (Table 1, entry 6). This may
be due to partial encapsulation of Pd NPs with amorphous carbon [44,47] caused by strong
palladium-support interaction that is apparently enhanced with the presence of organic
ligands. Obviously, such encapsulation limits the accessibility of palladium sites for the
adsorption of reactant molecules.
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Figure 1. TEM images and the corresponding Pd nanoparticle (NP) size distribution histograms of
the Pd/C catalysts: (a) 2% Pd-CCs/MWCNTs; (b) 2% Pd-CCs/P278-E; (c) 2% Pd-CCs/T900; (d) 2%

Pd-PHCs/T900; (e) 2% Pd-Ac/T900; (f) 2% Pd-dba/T900.

Table 1. Palladium dispersion and average size of Pd NPs in Pd/C catalysts.

Average Size of Pd

. Average Size of Pd
Entry Catalyst Pd Coontf nt, Pd Dispersion 2 NPs Estlm.ated fl:om NPs Determined by
wt.% CO Chemisorption
TEM, nm
Data, nm
1 2% Pd-CCs/MWCNTs 19 0.52 2.2 2.2
2 2% Pd-CCs/P278-E 2.1 0.30 3.7 2.4
3 2% Pd-CCs/T900 2.0 0.28 4.0 4.3
4 2% Pd-PHCs/T900 2.0 0.24 4.6 47
5 2% Pd-Ac/T900 2.0 0.06 18.5 6.5
6 2% Pd-dba/T900 2.1 No chemisorption - 49

! According to ICP-AES or AAS analysis. 2 According to CO chemisorption (Pd/CO = 2).
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2.2. Effect of Carbon Support on the Activity and Selectivity of Pd/C Catalysts in the
Hydrogenation of Vinyl Derivatives

The 2% Pd-CCs/C catalysts prepared using MWCNTs, P278-E, and T900 as the sup-
ports were studied in the liquid-phase hydrogenation of vinyl derivatives (20 mg catalyst
(3.8 umol Pd), 50 mg substrate, 2.0 mL MeOH or benzene, 295 K, 1.0 MPa Hj) and showed
significant differences in activity (substrate conversion after 2 h) and selectivity (Figure 2).
During the hydrogenation of BVE and NVE in MeOH solution (Figure 2a,b), the catalysts
based on MWCNTs and P278-E ensured complete conversion of the substrates, and in addi-
tion to the products of C=C bond hydrogenation—i.e., benzyl ethyl ether (BEE) and nonyl
ethyl ether (NEE)—benzyl alcohol (BAL), nonyl alcohol (NAL), and 1,1-dimethoxyethane
(DME) were also found in the reaction solutions.

0
BVE C9H190/\ NVE

Conversion or selectivity, %
Conversion or selectivity, %

2% Pd-CCs/MWCNTs 2% Pd-CCs/P278-E 2% Pd-CCs/T900 2% Pd-CCs/MWCNTs 2% Pd-CCs/P278-E 2% Pd-CCs/T900

Il BVE conversion Il NVE conversion
Selectivitiesto: [l BEE [l BAL [] DME Selectivitiesto: [l NEE [ NAL [] DME
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Il DVS conversion [ 9-VC conversion
[ Selectivity to DES [ Selectivityto 9-EC

(c) (d)

Figure 2. Catalytic performance of 2% Pd-CCs/C catalysts based on different carbon supports
in the liquid-phase hydrogenation of vinyl derivatives: (a) benzyl vinyl ether (BVE); (b) nonyl
vinyl ether (NVE); (c) dodecyl vinyl sulfide (DVS); (d) 9-vinylcarbazole (9-VC). Reaction conditions:
20 mg catalyst (50 mg 2% Pd-CCs/T900 for hydrogenation of 9-VC), 50 mg substrate, 2.0 mL MeOH
(benzene for hydrogenation of 9-VC), 295 K, 1.0 MPa Hj, 2 h. The products were identified by NMR
and GC-MS (see Supplementary Materials).

The reaction composition—-time profiles obtained for the hydrogenation of BVE and
NVE on the 2% Pd-CCs/P278-E catalyst (Figure 3), together with published data on
ether chemistry [48], allowed us to suggest a reaction scheme for the conversion of these
vinyl ethers in MeOH solution (Scheme 2). Vinyl ether is not only hydrogenated but can
also react with methanol to form an intermediate acetal (1-benzyloxy-1-methoxyethane
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or 1-nonyloxy-1-methoxyethane) that undergoes transacetalization to the corresponding
alcohol (BAL or NAL) and DME. The reactions with the solvent can be catalyzed by both
palladium [38] and acidic sites [48]. In the presence of the 2% Pd-CCs/P278-E catalyst,
these reactions were most pronounced since the selectivities to BAL and NAL reached
57% and 69%, respectively (Figure 2a,b). This could be explained by the increased content
of acidic oxygen functionalities on the surface of P278-E, as noted above. However, the
blank experiment using the P278-E support instead of a palladium catalyst did not show
any conversion of BVE under the same reaction conditions. Therefore, we believe that
the reactions with MeOH proceed on palladium sites located in a suitable environment
of oxygen functionalities. The interaction of Pd clusters (or small Pd NPs) and protons of
nearby acidic groups can result in the formation of [Pd,-H]* couples [49], which catalyze
both hydrogenation and reactions with methanol. Apparently, the formation of such
bifunctional active sites turned out to be most pronounced for the catalyst based on P278-E,
in which Pd NPs were highly dispersed (Table 1) and the support was characterized by an
increased content of acidic oxygen functionalities.

Relative concentration, wt.%
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Figure 3. Reaction composition—time profiles of the hydrogenation of BVE (a) and NVE (b) over
the 2% Pd-CCs/P278-E catalyst. Reaction conditions: 20 mg catalyst (3.8 pmol Pd), 50 mg sub-
strate, 2.0 mL MeOH, 295 K, 1.0 MPa Hj. The products were identified by NMR and GC-MS (see
Supplementary Materials).
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Scheme 2. Proposed reaction scheme for the hydrogenation of BVE and NVE over Pd/C catalysts in
MeOH solution.

Note that methanol can act as a hydrogen donor and could thus participate in catalytic
transfer hydrogenation (CTH). To check this possibility, we carried out a catalytic test with
2% Pd-CCs/P278-E and BVE under the same conditions as above (MeOH, 295 K, 2 h) but
using argon instead of hydrogen. The BVE conversion was less than 2%, indicating very
low activity of the catalyst in CTH. Therefore, during hydrogenation of vinyl ethers under
the chosen mild reaction conditions, hydrogen-transfer processes can be neglected.

The catalyst based on T900 was the least active in the hydrogenation of BVE and NVE
(Figure 2a,b) since conversion of these substrates was incomplete after 2 h and, furthermore,
no reaction with methanol occurred. As a result, high selectivity to BEE and NEE (98%)
was achieved. Increasing the loading of this catalyst from 20 to 50 mg (9.5 umol Pd instead
of 3.8 umol) ensured complete conversion of BVE and NVE, while the selectivity to the
corresponding ethyl ethers remained high (>98%).

The hydrogenation of DVS in the presence of the 2% palladium catalysts based on
MWCNTs, P278-E, and T900 under the same reaction conditions did not proceed com-
pletely within 2 h (Figure 2c). The most active MWCNT-based catalyst provided 73%
conversion of the substrate. The least activity was shown by the 2% Pd-CCs/P278-E cat-
alyst, in the presence of which the conversion was only 21%. At the same time, during
the hydrogenation of DVS, reactions with the participation of methanol did not occur, and
dodecyl ethyl sulfide (DES) was the only conversion product (selectivity >99%).

The hydrogenation of 9-VC in benzene (Figure 2d) proceeded almost completely
within 2 h (conversion >97%) in the presence of the catalysts based on MWCNTs and T900,
whereas the conversion of 9-VC was slightly lower (94%) over the 2% Pd-CCs/P278-E
catalyst. It is important that 9-VC hydrogenated to 9-EC with high selectivity (>95%)
regardless of the catalyst chosen.

To confirm the optimal content of palladium, we carried out the hydrogenation of all
four vinyl derivatives in the presence of 1% Pd-CCs/T900 catalyst (20 mg, 1.9 pmol Pd)
under the typical hydrogenation conditions used in this work (50 mg substrate, 2.0 mL
solvent, 295 K, 1.0 MPa Hj, 2 h). It was found that this catalyst did not provide complete
conversion of the substrates (BVE 71%, NVE 87%, DVS 31%, 9-VC 91%) but had a high
selectivity for the corresponding ethyl derivatives (>99%).

According to the results obtained, the reactivity of substrates increases in the order
DVS < BVE < 9-VC ~ NVE under the same hydrogenation conditions and using the same
catalyst. NVE, being one of the most reactive substrates, was rapidly converted on the
2% Pd-CCs/P278-E catalyst within only 5 min (TOF = 3119 h~!), while almost complete
conversion of BVE was achieved after 30 min (TOF = 660 h~!) (Figure 3).

2.3. Effect of the Palladium Precursor Used for the Preparation of Pd/C Catalysts on Their Activity
and Selectivity in the Hydrogenation of Vinyl Derivatives

The 2% Pd/T900 catalysts prepared using various palladium precursors were studied
in the liquid-phase hydrogenation of BVE, NVE, DVS, and 9-VC under the specified reaction
conditions (50 mg catalyst (9.5 umol Pd), 50 mg substrate, 2.0 mL of MeOH or benzene,
295 K, 1.0 MPa Hy, 2 h). It was found that the catalysts prepared from Pd CCs, PHCs, and
acetate were highly active in the hydrogenation of BVE and NVE and provided almost
complete conversion of the initial ethers with selective formation of the corresponding
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ethyl ethers (Figure 4a,b). In the presence of the catalyst prepared using [Pd,(dba);], the
conversions of BVE and NVE were incomplete. The decreased activity of this catalyst may
be associated with the poor accessibility of palladium sites for reactant molecules, which
is apparently related to the partial encapsulation of Pd NPs by amorphous carbon (see
Table 1).
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Figure 4. Catalytic performance of 2% Pd/T900 catalysts prepared from different palladium precursors in the liquid-phase
hydrogenation of vinyl derivatives: (a) BVE; (b) NVE; (c) DVS; (d) 9-VC. Reaction conditions: 50 mg catalyst (9.5 umol Pd),
50 mg substrate, 2.0 mL MeOH (benzene for hydrogenation of 9-VC), 295 K, 1.0 MPa Hj, 2 h. The products were identified
by NMR and GC-MS (see Supplementary Materials).

In the case of the hydrogenation of less-reactive DVS, the differences in the activity of
the catalysts were even more noticeable (Figure 4c). The catalysts obtained from Pd CCs
and PHCs provided almost complete conversion of DVS, whereas in the presence of 2%
Pd-Ac/T900, the conversion was 61% due to the lower accessibility of palladium sites, as
discussed above. When using the 2% Pd-dba/T900 catalyst, the DVS conversion did not
exceed 20%.

The hydrogenation of 9-VC (in benzene) proceeded almost completely (>97%) re-
gardless of the chosen catalyst, and high selectivity to 9-EC (>95%) was always achieved
(Figure 4d).

The 5% Pd/T900 catalysts prepared from Pd CCs, Pd PHCs, [Pd(OAc);]3, and [Pdy(dba);]
provided complete conversion of BVE and NVE to the corresponding ethyl ethers with
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high selectivity (>99%) under the same hydrogenation conditions. It is important to note
that when using all the catalysts based on the T900 support and containing both 2 and 5
wt.% Pd, reactions with the solvent (MeOH) did not occur, and selectivity to ethyl ethers
exceeded 95%.

The possibility of multiple uses of the catalyst was evaluated in five successive runs
using 2% Pd-PHCs/T900 as the catalyst and NVE as the substrate. The hydrogenation
conditions were the same as those otherwise used in the work (50 mg catalyst, 50 mg
NVE, 2.0 mL MeOH, 295 K, 1.0 MPa Hj, 2 h). We applied the so-called “fresh start”
technique [50,51], which means that after the completion of the reaction, the catalyst was
not isolated and a fresh portion of the substrate (again 50 mg) was added to the reaction
mixture. After that, the experiment was repeated. According to the results obtained
(Figure 5), the catalyst showed excellent selectivity (>99%) in all cycles. The yields were
decreased, but remained at a good level (>60%). We used the same experimental conditions
for comparative purposes in this preliminary study, which indicated a potential for catalyst
recycling. Further optimizations may be applied to improve the yields, which will be a
subject of our future study. Of particular note, there were no pronounced changes in the
catalyst structure (according to the TEM data of the spent catalyst, Figure S8). The decrease
in activity may be associated with the partial deactivation of active sites [52,53].

2% Pd-PHCs/T900 (50 mg, 9.5 pmol Pd)
2.0 mL MeOH, 295K, 1.0 MPa H,, 2 h

2 3 4 5

Cycle number

CoH107 X CoHyg0™ >

100

80

60

40 -

Conversion or selectivity, %

20

Bl NVE conversion Il Selectivity to NEE
Figure 5. Reusability testing of the 2% Pd-PHCs/T900 catalyst in the hydrogenation of NVE.

3. Materials and Methods
3.1. Materials and Reagents

BVE, NVE, and DVS were synthesized from BAL, NAL, and 1-dodecanethiol, re-
spectively, using calcium carbide as a vinylating agent [17,18]. 9-VC was purchased from
Sigma-Aldrich (98%, St. Louis, MO, USA) and used without further purification. All
vinyl derivatives were stored in a refrigerator at 258 K. Methanol (>99%, Vekton, Saint
Petersburg, Russia) and benzene (>99%, EKOS-1, Moscow, Russia) were used as received.

For catalyst preparation, we used Baytubes® C 150 HP MWCNTs (Bayer Material
Science AG, Leverkusen, Germany) characterized earlier [45,46], as well as furnace and
thermal kinds of nanoglobular carbon (carbon blacks) P278-E and T900 (Department of
Experimental Technologies, Center of New Chemical Technologies BIC). Palladium(II)
chloride (>98%, Aurat, Moscow, Russia) was used for catalyst preparation without any
purification. [Pd(OAc),]3 and [Pdy(dba);] were synthesized by known procedures [54].
The reduction of catalysts and catalytic hydrogenation were performed using hydrogen of
high purity grade (99.99%, NCCP, Novosibirsk, Russia).
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3.2. Catalyst Preparation and Characterization

The catalysts denoted as Pd-CCs/C (C = MWCNTs, P278-E, T900) were prepared by
incipient wetness impregnation of the carbon supports with aqueous solutions of palladium
CCs formed by dissolving PdCl, in water containing an equimolar amount of HCI. After
deposition of Pd CCs on the supports, the samples were dried in air at room temperature
and then at 393 K. Before the experiments, the catalysts were reduced in flowing hydrogen
at 573 K for 2 h. Another procedure for catalyst preparation includes the adsorption of Pd
PHCs onto carbon supports, as described in detail elsewhere [44,46]. A further reduction
of supported Pd PHCs was performed in sodium formate solution at 363 K for 0.5 h. The
catalysts obtained by this method were denoted as Pd-PHCs/C. The catalysts denoted as
Pd-Ac/C and Pd-dba/C were prepared by incipient wetness impregnation of the carbon
supports with solutions of [Pd(OAc),]3 and [Pdy(dba);] in CHCI3, as described earlier [52].
After deposition of these precursors, the samples were dried in air at room temperature
and then at 393 K. Before the experiments, the catalysts were reduced with hydrogen at
573 K for 2 h.

The Pd dispersion in the reduced catalysts was estimated by pulse chemisorption of
CO (>99.999 vol.% purity) using an AutoChem II 2920 (Micromeritics, Norcross, GA, USA)
instrument. The dispersion values were calculated assuming a stoichiometric Pd/CO ratio
of 2 [55,56]. The average volume—surface diameter d,, (in nanometers) of the Pd NPs was
calculated from the Pd dispersion as day = 1.11/D [57].

TEM images of the reduced catalysts were taken by a JEM-2100 (JEOL, Tokyo, Japan)
instrument with a lattice resolution of 0.145 nm at an accelerating voltage of 200 kV. The
average volume-surface diameter of the Pd NPs was determined by measuring the size of
more than 130 NPs and calculating by the equation [57,58]

A
i
Ymid;
1

day 1)

where 7; is the number of Pd NPs counted in intervals of mean diameter d;.

The palladium content in the catalysts was measured either by ICP-AES on a Varian
710-ES (Agilent Technologies, Santa Clara, CA, USA) spectrometer or by AAS on an AA-
6300 (Shimadzu, Kyoto, Japan) spectrometer. Before measurements, the catalysts were
completely dissolved in a mixture of concentrated HNO3; and HCIOy. The Pd content in
the catalyst samples was 2 or 5 wt.%.

3.3. Hydrogenation of Vinyl Derivatives and Analysis of Reaction Products

Catalytic hydrogenation of the selected vinyl derivatives was performed using a
multireactor setup consisting of 9 steel autoclaves and a hydrogen supply system (see
Figure S1 in Supplementary Materials). Glass vials loaded with 2.0 mL of substrate solution
(50 mg substrate in methanol; in the case of 9-VC, benzene was used as a solvent), 20 or
50 mg of catalyst (3.8 or 9.5 umol Pd, respectively), and magnetic stir bars were placed
in autoclaves. Before the experiment, the autoclaves were flushed with argon to remove
air and then filled with hydrogen to a pressure of 1.0 MPa. All experiments were carried
out at room temperature (295 K) under vigorous stirring of the reaction mixtures using
magnetic stirrers. After completion of the reaction (typically 2 h), the reaction solutions
were separated from the catalysts by filtration. Note that in preliminary tests carried out
with a smaller amount of catalyst (5 mg) and at a lower hydrogen pressure (0.5 MPa),
the conversions of vinyl ethers proceeded very slowly, and only traces of hydrogenation
products were found in the reaction solutions.

In the present study the reactions were analyzed by 'H and '3C NMR immediately
after the separation of the catalysts without evaporation of solvents. The NMR spectra
were recorded on an Avance-400 (Bruker, Billerica, MA, USA) NMR spectrometer (400 MHz
for 'H and 101 MHz for 13C) using the No-D NMR technique [59,60]. The J-modulated
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spin echo technique was employed to record all the '>*C NMR spectra. In the J-modulated
13C NMR spectra, the methine (CH) and methyl (CH3) signals have opposite phase to
those of the quaternary (C) and methylene (CH,) resonances. GC-MS was also used for
the identification of the reaction products on an Agilent 5973N/6890N instrument (Santa
Clara, CA, USA) equipped with an HP-5MS column. MS measurements were carried out
using electron impact ionization at 70 eV.

The quantitative determination of the reaction products was carried out by GC on
a GKh-1000 (Khromos, Moscow, Russia) instrument equipped with a flame ionization
detector. Analysis of the BVE and NVE conversion products was carried out using a
ValcoBond VB-Wax (Poulsbo, WA, USA) capillary column (60 m x 0.32 mm, polyethylene
glycol, stationary phase thickness 0.50 pm). The oven temperature was programmed
as follows: initial temperature of 323 K for 12 min, increase of 10 K min~! up to 513 K,
hold for 31 min. The DVS and 9-VC conversion products were analyzed using an Agilent
DB-1 (Santa Clara, CA, USA) capillary column (100 m x 0.25 mm, dimethylpolysiloxane,
stationary phase thickness 0.50 um). In this case, the oven temperature was programmed
as follows: initial temperature of 313 K for 1 min, increase of 8 K min~! up to 503 K, hold
for 60 min.

The substrate conversion X (%) and selectivity to each product Sy, (%) were calculated

as follows:
Nngo — Ns

X = -100 2

"o 2

Sp = —— P 100 ®)
(ns,O - ns)

where g, 115, and np are the amounts (in moles) of substrate before the reaction, substrate
after the reaction, and the reaction product, respectively.

4. Conclusions

Hydrogenation with molecular hydrogen is a versatile tool for both industrial produc-
tion and fine organic synthesis. The uniqueness of molecular hydrogen as a hydrogenating
agent is governed by (i) its powerful potential for sustainability due to its availability
through the water splitting process; (ii) waste-free concepts, since the addition reactions
are atom-economic; and (iii) access to easily separable heterogeneous catalysts that operate
with high selectivity.

In this work, we tested a full sequence of addition reactions to the unsaturated
C; acetylenic unit (Scheme 1). Carbon-based palladium catalysts were very efficient in
the liquid-phase hydrogenation of O-, S-, and N-vinyl derivatives (benzyl vinyl ether,
nonyl vinyl ether, dodecyl vinyl sulfide, and 9-vinylcarbazole) with molecular hydrogen
under mild reaction conditions (room temperature, pressure of 1 MPa). Varying the
carbon support and the palladium precursor used for catalyst preparation allowed us to
flexibly regulate the activity and selectivity of Pd/C catalysts in the hydrogenation of vinyl
derivatives. The catalysts supported on nanoglobular carbon T900 and containing 2% or
5% palladium provided hydrogenation without side reactions, and the corresponding ethyl
ethers were obtained with high selectivity (>95%).

The present study has shown the compatibility of vinyl functional groups attached to
heteroatoms (X = O, S, N) with hydrogenation conditions and the possibility of suppressing
C-X bond hydrogenolysis side reactions. Efficient transformation using Pd/C catalysts
opens the way for many useful practical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
344/11/2/179/s1. Figure S1: Multi-reactor setup used for liquid-phase hydrogenation of vinyl
derivatives under hydrogen pressure. Figures 52-58: TEM images of Pd/C catalysts. Results of
identification of the hydrogenation products (*HNMR, 13C NMR, and MS data).
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