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The palladium azolate/carboxylate network (Pd-dmpzc) catalyses the selective hydrogenation of phenyl-
acetylene to styrene in water. Under optimised conditions, at a Pd:NaBH4 ratio of 1:100 at 40 °C, Pd-dmpzc
provided much better results than Pd(OAc), or PdClo(CH3CN),. Analysis of the recovered catalyst revealed
the presence of different Pd?* species and Pd° NPs which contributed in the catalytic reaction.

1. Introduction

The catalytic hydrogenation of alkynes to corresponding alkenes
plays an important role in organic synthesis and technology [1-4].
Hydrogenation of phenylacetylene to styrene found application in the
polymer industry as a method of removal of alkyne from alkene sub-
strate (ethene, propene, etc.) [5-7]. Selective hydrogenation of alkynes
is still a challenge, and various catalysts, based on Pt, Ru, and Rh
complexes, are used for this purpose [8-11]. Non-precious metal cata-
lysts, containing Ni, Co, Fe, or Cu, were also tested [12-17]. However, it
is the palladium compounds that are recognised as dominating in this
area. Among them, a Lindlar catalyst should be mentioned owing to its
high selectivity, which was achieved by the partial deactivation of the
Pd surface by Pb and quinoline [18,19]. Heterogeneous Pd catalysts
containing nanoparticles have been recently employed in alkyne hy-
drogenation [20-22]. It is of note that in addition to the typical het-
erogeneous catalysts some palladium complexes, such as POCOP-pincer
hydrides [23] and Pd-NHC complexes [27], were examined in this re-
action. Good results were also reported for Pd complexes bearing P,N
chelating ligands of hydrazinic type [24], (pyridyl)benzoazoles [25], as
well as bi- and tridentate nitrogen ligands [26]. Considering hydroge-
nating agents, potentially hazardous pressurised Hy was used, with
satisfactory results [20-22]. Alternatively, selective hydrogenation of
alkynes was performed applying hydrogen transfer reagents such as
alcohols, hydrazine, borohydrides, and formic acid [28,29]. However,
the use of borohydrides as reductants in the semihydrogenation of al-
kynes is rather limited. Bai reported semi-hydrogenation of alkynes
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using NaBH, as a hydrogen donor with ligand-free Ni NPs generated in
situ [12]. Transfer hydrogenation of phenylacetylene was performed by
Kalidindi et al. [30]. They employed H3N-BH3 and NaBH4 as hydrogen
sources; however, conversion of phenylacetylene using sodium boro-
hydride was very low. Ammonia borane complex was also used by Song
et al. to transfer hydrogenation with an Au-Pd@CeO- catalyst [31].

Continuing our research on phenylacetylene hydrogenation, we
report herein, for the first time the catalytic activity of Pd azolate/
carboxylate (Pd-dmpzc) compound synthesised and characterised pre-
viously by Galli et al. [32]. They also tested it as a catalyst in oxidation,
Henry C—C coupling and Suzuki reactions. Unfortunately, the yield of
coupling product in the Suzuki-Miyaura coupling of bromoanisole with
phenylboronic acid was very low, at only 5%. Nevertheless, the highly
ordered structure of the Pd-dmpzc network motivated us to test it in
phenylacetylene hydrogenation with NaBH4 as a hydrogen donor in
water. Furthermore, kinetic and mechanistic studies were undertaken to
understand the nature of the catalytically active species.

2. Experimental
2.1. Materials

The bis(acetonitrile)palladium dichloride [PdClo(CH3CN)2] was ob-
tained according to the reported procedure [33]. PdCly (99.99%), Pd
(OAc)2, sodium borohydride (NaBH4, 99%) and phenylacetylene (98%),
3-ethynyltoluene (97%), 4-ethynylanisole (97%), 4-ethynylanisole
(97%), 1-ethyl-4-ethynylbenzene (98%), styrene (99%), and
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Scheme 1. Phenylacetylene hydrogenation.
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Fig. 1. The influence of the Pd:NaBH,4 molar ratio. Reaction conditions: 0.91
mmol of phenylacetylene, catalyst (0.3 wt% Pd), 40 °C, 2 mL of H,O, 15 min.
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chloroform-d (99.8 atom % D) were purchased from Sigma-Aldrich.
Water purified by an Ultrapure Water System was used in all
experiments.

2.2. Synthesis of [Pd(Hadmpzc)2Cly] (Pd-dmpzc)

Pd-dmpzc, in which Haydmpze is 3,5-dimethyl-1H-pyrazol-4-carbox-
ylic acid, was prepared as described in previous work [32].

2.3. Catalytic experiment

In a typical experiment, 0.3% mol of Pd-dmpzc was dispersed into 2
mL of water in a 15 mL glass vial. Next 0.91 mmol of alkynes and the
appropriate amount of NaBH4 were added. The mixture was heated at
40-60 °C and magnetically stirred at 500 rpm for 15 to 30 min. After
completing the reaction, the organic products were extracted with CDClg
and analysed by 'H NMR. The Hg(0) poisoning test was performed by
the method reported previously [34].

2.4. Characterisation

Inductively coupled plasma mass spectrometry analysis (ICP-OES)
was carried out in an iCAP 7400 DUO icp (Thermo Fisher Scientific).
Transmission electron microscopy (TEM) images were performed using
a FEI Tecnai G2 20 X-TWIN microscope. The scanning electron micro-
scopy (SEM) micrographs were recorded on a Hitachi S-3400N scanning
electron microscope. X-ray photoelectron spectra (XPS) were recorded
in a Kratos Axis Ultra-DLD X-ray photoelectron spectrometer equipped
with Al Ka radiation (1486.6 eV). IR-ATR spectra were recorded on a
Nicolet iS50 FT-IR Spectrometer produced by Thermo Scientific. NMR
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Fig. 2. The time profiles of conversion of phenylacetylene and styrene selectivity for different Pd:NaBH,4 molar ratios: (A) 1:10, (B) 1:40, (C) 1:100, and (D) 1:200.
Reaction conditions: 0.91 mmol of phenylacetylene, catalyst (0.3 wt% Pd), 40 °C, 2 mL of H,0.
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Fig. 3. The time profiles of conversion of phenylacetylene and selectivity to styrene at 50 °C (A) and 60 °C (B) Reaction conditions: 0.91 mmol of phenylacetylene,

catalyst (0.3 wt% Pd), Pd:NaBH, 1:100, 2 mL of H,0.
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Fig. 4. Arrhenius plot for the hydrogenation of phenylacetylene using the rate constants calculated from the first-order plots. (B) Time dependency of the In(C,/C)

ratio for the first-order phenylacetylene hydrogenation at 40-60 °C.

data were collected using a Bruker Avance III 500 MHz spectrometer.
Powder X-ray diffraction measurements were performed on a D8
ADVANCE diffractometer (Cu Ka, A = 1.5406 i\). TG curves were
recorded on a TGA-DSC Mettler-Toledo TGA/DSC 3+ in air with the
heating rate 10 °C min~!. Sample mass was 6.208 mg.

3. Results and discussion
3.1. Catalytic activity of Pd-dmpzc

The catalyst Pd-dmpzc was prepared based on the previous work
[32]. The compound has been characterized by using IR (Fig. S1), TG
(Fig. S2) and EA (Table S1) and the results obtained were consistent with
those previously published [32]. Additional structural data, obtained
from SEM and XPRD measurements, are presented in the next para-
graph. The Pd-dmpzc complex was employed to the phenylacetylene
hydrogenation in water with NaBHy4 (Scheme 1).

In the first step, the impact of the amount of NaBH4 on the reaction
course was studied, and the results are presented in Fig. 1.

When the molar ratio of Pd:NaBHy4 increased, conversion of phe-
nylacetylene also increased. Advantageously, in all cases, styrene was
formed as the only product. The Pd:NaBH4 molar ratio of 1:200 was
found to be the most efficient and gave the highest conversion of

phenylacetylene (57%).

To gain better insight into the reaction course, time profiles for
different molar ratios of Pd:NaBH4 were studied (Fig. 2A-D). At the
lower excess of NaBH4 (1:10 and 1:40 Pd:NaBH,) conversion of phe-
nylacetylene slowly increased, and after 30 min only 17% conversion of
phenylacetylene was obtained by using a 1:40 Pd:NaBH, ratio. Higher
conversion (57%) was noted after 30 min at a 1:100 Pd:NaBH4 molar
ratio. Prolongation of the reaction time to 60 min. increased the con-
version to 83%. It is noteworthy that also in this case only styrene was
selectively formed. At a 1:200 Pd:NaBH4 molar ratio, conversions of
phenylacetylene increased from 57% after 15 min to 85% after 30 min.
In general, the reaction proceeded faster with higher amounts of NaBHj.

Fig. 3 shows the effect of temperature on the semihydrogenation of
phenylacetylene. At higher temperature, the conversion of phenyl-
acetylene increases as expected [35]. However, a rise of temperature to
60 °C, resulted in a decreased yield of styrene after 30 min caused by its
further hydrogenation to ethylbenzene.

The temperature dependence of the hydrogenation rate was used to
calculate the activation energy (E,) (Fig. 4). It was assumed that semi-
hydrogenation of phenylacetylene to styrene is a first-order reaction
(dCphen/dt = —kCphen, ln(Cghen /Cphen) = kt). For such conditions (con-
stant concentrations either substrates or Pd-dmpz catalyst), the reaction
was carried out in three temperatures: 40, 50, and 60 °C. From the



A.W. Augustyniak and A.M. Trzeciak

Inorganica Chimica Acta 518 (2021) 120255

Table 1
Results of the hydrogenation of different alkynes.
Entry alkyne Conv.” (%) Sel.’(%)
C—=C
1 |‘| 50 100
2 || 45 100
O\
55 100
4 30 100

o= ~O=

#Reaction conditions: 0.91 mmol of alkyne, catalyst (0.3 wt% Pd), 40 °C, 2 mL of H,0, molar ratio Pd:NaBH, 1:100, 15 min. b Analysed by 'H NMR.
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Fig. 5. Hydrogenation of phenylacetylene to styrene with different catalysts.
Reaction conditions: 0.91 mmol of phenylacetylene, catalyst (0.5 wt% Pd), Pd:

NaBH4 1:100, 40 °C, 2 mL of H50.

kinetic data, on the assumption that the reaction is first order, for each
temperature the dependence of In(Cpyen/Cphen) versus time was deter-
mined. Next, from the gradient of the line, the reaction rate constant k
was calculated. Based on the Arrhenius relation, k = A-exp(—Ea/RT), the
activation energy was determined to be 31.7 kJ/mol (7.6 kcal/mol).
This value of activation energy is significantly lower than that obtained
with the PdO catalyst in various solvents (e.g. 33.9 kJ/mol and 46.0 kJ/
mol for ethanol and n-heptane, respectively) [36] as well as for the
commercially available catalyst Pd/C (51.5 kJ/mol), indicating that Pd-
dmpzc is a favourable catalyst [37].

Promising results obtained in the model reaction motivated us to test
the scope of that reaction using a variety of terminal alkynes (Table 1). It
is worth mentioning that for each substrate hydrogenation of the C=C
triple bond was 100% selective, and by comparison with phenyl-
acetylene, the electron donating —CHgs group slightly accelerates the
catalytic reaction. On the other hand, lower conversion was noted by
using —CoHs substituted phenylacetylene.

Under the same reaction conditions, other Pd compounds were tested
for comparison (Fig. 5). Although the selectivity of styrene for each
catalyst was very high, it is worth noting that the Pd-dmpzc catalyst
showed the best activity.

These results indicated the positive influence of Hodmpzc ligand on
the reaction course, and to prove it the reaction was performed with
PdCl3(CH3CN); and Hadmpze. Interestingly, the conversion of
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Fig. 6. High-resolution XPS spectra for Pd 3d region and XRD for Pd-dmpzc catalyst: fresh (A-B) and after the catalytic reaction (C-D).

phenylacetylene increased to 100%; however, the selectivity to styrene
decreased to 70%. Thus, better results were obtained using the catalyst
containing dmpzc ligand from the beginning of the reaction than with
the ligand added in situ.

3.2. Catalyst transformation and mechanistic study

Characterisation of the catalyst after the reaction was done using
XPS, XRD (Fig. 6), TEM, and SEM (Fig. 7) techniques.

The oxidation state Pd%* in the fresh Pd-dmpzc catalyst was specified
by the presence of two prominent peaks located at 337.1 and 342.4 eV
for Pd 3ds,» and 3ds,, regions in the XPS spectrum (Fig. 6A). The Pd 3d
spectrum of the sample recovered after hydrogenation (Fig. 6C) was
deconvoluted into several peaks. Upon fitting analysis, the peaks with
binding energies of 335.0 and 340.4 eV were assigned to Pd® (43.6%)
[38]. The binding energy 336.0 eV can correspond to PdO on the surface
(17.9%) [39]. The other peaks at 338.5 and 343.7 eV indicated the
presence of oxidised palladium species (25%). Furthermore, the binding
energies 337.3 and 342.6 eV may be assigned to the pristine Pd-dmpzc
complex (13.5%).

XRD analysis of the reused catalyst confirmed the formation of Pd°
NPs and decomposition of the crystal structure of Pd-dmpzc during the
reaction (Fig. 6D). The changes of the catalyst morphology were further
observed by SEM and TEM analyses. The presence of Pd NPs was evi-
denced by TEM microscopy. In the SAED pattern (Fig. 7 D) the diffrac-
tion rings matched with (111), (200), (220), and (311)
crystallographic planes of Pd nanocrystals were identified [40].

In light of the above XPS, XPRD, and TEM results, one can assume
that Pd® NPs formed under hydrogenation conditions present in the
catalytically active form. To verify this hypothesis, a mercury poisoning
test was carried out [34]. Two experiments were carried out with a 500-
fold excess of Hg(0) to the catalyst. When the Hg(0) was added at the
beginning of the reaction, very low conversion (6%) of phenylacetylene
was obtained. Under the same conditions, but without the addition of Hg
(0), the conversion was 57%. In the second experiment the Hg(0) was
added after 10 min of the reaction. In this case the conversion of phe-
nylacetylene was 13% and it did not increase during the 30-minute

reaction. For comparison, without Hg(0) 19% of phenylacetylene reac-
ted in 15 min.

Subsequently, we evaluated the addition of thiourea for our system.
This poisoning method with application of thiourea was developed by
Elsevier et al. [41]; however, instead of a tetramethylthiourea (TMTU)
we used thiourea. The addition of 70-fold excess of thiourea at the
beginning of the reaction enables only 7% of conversion of phenyl-
acetylene, similarly as in the experiment with Hg(0). It was also checked
whether a smaller amount of thiourea would affect the reaction. After
adding 4.8-fold thiourea excess, the conversion of phenylacetylene was
12% during the 30 min of reaction. It confirmed that thiourea effectively
poisoned our catalyst. Inhibiting effect observed in both poisoning tests
indicated the contribution of Pd® NPs in the catalytic process. On the
other hand, in the presence of poisons, some amount of product was
formed, and therefore a contribution of molecular catalysts cannot be
excluded. Moreover, identification of different palladium species,
namely Pd® and Pd*, in the post-reaction sample of catalyst allowed us
to consider two alternative reaction pathways of hydrogenation with Pd-
dmpzc precursor. In the first one the reaction occurred on the surface of
Pd® NPs, whereas in the second one mononuclear Pd species were
involved (Fig. 8). In both cases the active hydrido intermediates were
formed in reaction with BH; and simultaneous production of BH3(OH) .
Further hydrolysis led to B(OH);, which was identified by the signal at
943 cm ! in the IR spectrum (Fig. S3) [42]. Moreover, the XPS spectrum
presented the signal at BE 192.5 eV, which can be attributed to the B
bond (Fig. S4) [43]. In both pathways the N-donor ligand (Hodmpzc or
dmpzc™) played an important role creating the Pd environment by
electronic and steric interactions with palladium. This assumption was
supported by XPS data measured for the reused catalyst in the N-region
(Fig. S6b). The binding energy of 400.2 eV is a little different compared
to the fresh catalyst (399.6 eV). This may indicate that N-donor ligand is
still coordinated to palladium.

It should also be mentioned that the reusability test of the catalyst
demonstrated that after the second cycle the catalyst is still active and
selective (see Fig. S5). The leaching of Pd in the solvent estimated by ICP
analysis was at the limit of detection (Table S3).
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Fig. 7. SEM with EDS elemental mapping of Pd for fresh Pd-dmpzc catalysts (A), TEM (B-C) images and SAED pattern (D) of reused catalyst.

Pd-dmpzc

VA }ﬁ':?‘*{ o
??:%@H ﬁam Nash, \:E%?;ﬁ"
R o 51

Fig. 8. The suggested mechanism for transfer hydrogenation of phenylacetylene in the presence of Pd-dmpzc catalyst.
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4. Conclusions

We have demonstrated that Pd-dmpzc efficiently catalysed transfer
phenylacetylene hydrogenation. It provided 98% conversion of phe-
nylacetylene with 100% selectivity to styrene. Under the same condi-
tions, much lower selectivity was obtained by applying Pd(OAc), or
PdCl,. The determined activation energy, 31.7 kJ/mol (7.6 kcal/mol), is
significantly lower than for commercially available Pd/C catalyst (51.5
kJ/mol).

During the reaction the original structure of the Pd-dmpzc network
was partially decomposed and the formed Pd® NPs catalysed semi-
hydrogenation together with molecular Pd species. The presence of N-
donor ligand (dmpzc) in the catalytic system stabilised Pd-active species
providing their long and selective activity.
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