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The de-novo synthesis of soluble or solid-supported Pd-(CaCOs3), clusters (n = 2-13) and their high cat-
alytic activity for the semi-hydrogenation of internal alkynes compared to terminal alkynes, is presented.
Mechanistic studies show that this reactivity, i.e. internal alkynes more reactive than terminal alkynes,
comes from the higher electrophilicity of the Pd-(CaCOs3), cluster compared to the nanoparticulated
Lindlar catalyst, which unveils the advantages of isolating the minimum catalytic unit of a solid catalyst.
Translating solid active sites into soluble catalysts turns around the classical approach and constitutes a
paradigmatic shift in catalyst design.

© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Any catalytic support, from the simpler to the more sophisti-
cated example, is irremediably a structured extended surface with
diffusion limitations, potential energy wells and undesired adsorp-
tion sites, and these drawbacks are not generally addressed but
simply assumed [1]. When metals are involved, the design of the
catalyst is mainly devoted to increase the efficiency of the metal
active site, which is often achieved with ligands for soluble cata-
lysts and with structured and high surface area frameworks for
solid catalysts [2-5]. Fig. 1A shows the approach presented here,
which consists in synthesizing, independently, the catalytically
active molecular entity of a metal-supported solid. This strategy
allows the reproduction of the catalytic activity of the whole solid
catalyst without the need of the whole extended structure and,
thus, without the above commented limitations for bulk solids.
In this way, the new soluble cluster catalyst is ready to be used
either in solution or re-supported onto a new solid. This short
molecule can be viewed as the “minimum catalytic unit” of the
solid, a concept only recently explored by Pérez-Ramirez and
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collaborators in heterogeneous catalysis [6,7] despite the analo-
gous concept being historically well studied in enzymes [8-11].
The Lindlar catalyst (Pd-Pb nanoparticles supported on calcium
carbonate) is the catalyst of choice for the semi-hydrogenation of
alkynes to cis-alkenes [12,13]. The extensive use of the Lindlar cat-
alyst in fine chemistry, pharma and natural product synthesis is
not surprising considering that the alkene group is the most preva-
lent functionality in these organic compounds [14,15]. It is
accepted that Pd atoms activate the alkyne and dissociate H, while
the surrounding CaCOs tunes the Pd electronics and co-adsorbs the
slightly acid terminal alkyne [16]. Pb acts as an alloying agent to
avoid excessive Pd agglomeration [17] and subsequent
sub-surface hydride formation [18-21], and the extended CaCO;
surface does not provide apparent benefits in terms of substrate
diffusion, although in some cases it has been reported to palliate
substrate polymerization [22]. It is widely accepted that the
Lindlar catalyst selectivity towards the alkene formation stems
from a control of the substrate adsorption on the Pd active site.
More specifically, the alloyed Pb tunes the adsorption energies of
the adsorbates on the Pd active site, making the adsorption of
the alkene unfavorable while maintaining a fairly exothermic
alkyne adsorption [12]. Nonetheless, commercially-available
colloidal Pd nanoparticles free of Pb [23] (c-Pd/TiS, see below)
have shown an excellent catalytic activity for the cis-selective
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Fig. 1. Lindlar catalyst as a proof of concept for the speciation of minimum catalytic units in a solid. A) Catalyst design by speciation (de-novo synthesis) of the minimum
catalytic unit of a solid, and its later use in solution or re-supported. B) Scheme of the Lindlar catalyst structure and the potential minimum catalytic unit.

semi-hydrogenation of alkynes, which support that the removal of
Pb does not have to be detrimental for the Pd action [24]. Other less
toxic metals have been employed as alloying agents to successfully
imitate the role of Pb in the Lindlar catalyst [25,26], or as decorat-
ing agents, alongside lighter elements like B, S or P, to achieve more
beneficial electronic properties on Pd [7,27,28].

Terminal alkynes have traditionally shown higher reactivity
than internal alkynes during the semi-hydrogenation reaction,
which can be explained by a better steric accommodation of the
former onto the Pd site, taking also in account the concomitant
H, adsorption [29-32]. Indeed, acetylene is often regarded as the
most reactive alkyne in this reaction [16,33]|. However, in elec-
tronic terms, internal alkynes are better m-electron donors than
terminal alkynes and, consequently, could easily coordinate catio-
nic Pd sites and suffer the semi-hydrogenation reaction provided
that the catalytic site is sterically available [34,35].

Fig. 1B shows our hypothesis here, which envisions that the
minimum catalytic unit of the Lindlar catalyst is a single or few
Pd atoms with its surrounding calcium carbonate [(CaCOs),]. If such
a sub-nanometric chemical entity could be prepared [36,37], all the
(toxic) additives of the solid catalyst will be avoided, and the cat-
alytic site will be more available for hindered internal alkynes
[38,39]. In principle, this Pd-(CaCOs), catalyst can be either in solu-
tion or supported on solids, at wish. We show here the synthesis of
such Pd-(CaCOs), catalysts and their high catalytic activity for the
hydrogenation of internal vs. terminal alkynes.

2. Materials and methods

Materials. Chemicals 1-6 and 12-30 were purchased from
Millipore-Sigma (96-99% purity). Chemicals 7-11 were purchased
from TCI Chemicals (97-98% purity) and 5-decyn-1-ol, used for the
synthesis of 5-decynylacetate, was purchased from Abcr (97% pur-
ity). They were purchased and used as received. Pd,(dba)s; was pur-
chased from Millipore-Sigma (97% purity).

Physical Techniques. The metal content of the samples was
determined by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES). Solids were disaggregated in aqua regia and
later diluted before analysis. FT-IR spectra were recorded on a
spectrophotometer as KBr pellets. Attenuated total reflection infra-
red spectroscopy was used to obtain the spectra of the Pd-(CaCOs),
clusters, from 400 to 4000 cm~! by dropping a small sample of the
clusters in the liquid and solid phase on the ATR crystal. The
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fragmentation pattern of the carbonate chains was obtained with
a UPLC-MS instrument, by directly infusing the liquid sample into
the electrospray ionization chamber. The mass spectrometry was
performed with a time-of-flight detector. XPS measurements were
performed on a SPECS spectrometer equipped with a Phoibos 150
MCD-9 analyser using a non-monochromatic Mg KR (1,253.6 eV)
X-ray source working at 50 W. The Cls peak has been set at
284.5 eV as the internal reference for the peak positions in the
XPS spectra. X-Ray diffraction spectra of the support and supported
catalyst were recorded in a CubiX PRO (PAN Analytical) spectrom-
eter, with a Cu K(o) radiation source, 1.5406 A wavelength. GC and
GC-MS chromatography were performed in chromatographs with
25 m capillary columns filled with 1 or 5 wt% phenylsilicone. 'H,
13C and DEPT NMR spectra were recorded at room temperature
on a 300.1 MHz spectrometer. Absorption spectra were recorded
on an UV/Vis spectrophotometer in 1 cm wide cuvettes.
Advanced electron microscopy characterization. Aberration Cor-
rected High Resolution (Scanning) Transmission Electron Micro-
scopy (AC-HR-(S)TEM) was employed to image the Pd-(CaCOs3),
clusters, performed on a FEI Titan Thermis 60-300 Double aberra-
tion corrected, operated at 200 kV, with 21.4 mrad beam conver-
gence angle, using 115 mm camera length and 48-200 mrad
collection angle range. The images of the c-Pd/TiS catalyst and
the commercial Pd on C (1%) were obtained on a JEM-F2100 oper-
ated at 200 kV in Dark Field scanning transmission electron micro-
scopy (DF-STEM mode). High Resolution Field Emission Scanning
Electron Microscopy (HR-FESEM). The images of the Lindlar cata-
lyst were obtained in a ZEISS Ultra 55 SEM, operated at 1.5 kV
using the backscattered electron in-lens detector (ESB).
Computational methods. As noted in the main text, two strate-
gies are implemented to yield to reliable structures. The first
approach uses the isolated components of the cluster, which is
the only input data required for performing calculations with the
recently developed crystal structure analysis by particle swarm
optimization (CALYPSO) code [40,41]. In short, CALYPSO is based
on a particle swarm optimization algorithm that is fed with the
number of every element, that is, atoms are randomly combined
to generate all possible combinations without imposing any initial
bond order [42]. In the second method, we considered the pre-
dicted lowest energy configurations reported by Chen, Dixon and
co-workers for a series of (CaCOs), nanoclusters [43]. These
authors performed genetic algorithm-based simulations to assess
the structural trend during CaCOs; aggregation phenomena.
The deposited (CaCOs); structure is re-optimized here by
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simultaneously exploring the surface with a Pd metallic center. All
generated structures are next relaxed within a dispersion-
corrected density functional theory (DFT-D) framework as imple-
mented in Gaussian16 [44]. These calculations are performed by
coupling the ®wB97X-D functional developed by Chai and Head-
Gordon [45] to the Def2SVP basis set for all atoms except Pd, where
the latter center is treated with the corresponding relative effective
core potential (Def2-ECP) version [46,47]. To ensure the stability of
the optimized cluster (i.e. minima in the potential energy surfaces),
a vibrational analysis is systematically conducted to confirm the
absence of normal modes with imaginary frequencies. Solvent
effects are accounted for with the polarizable continuum model
(PCM) using the parameters for ethanol [48].

To the mimic semi-hydrogenation reactions, Alkynes 1 and 4
are selected as representative species with large and small TOFs
values, respectively. To be consistent with earlier steps, the sys-
tems are then fully optimized at the ®B97X-D/Def2SVP-ECP level
of theory, and the interaction energy computed by using the total
energy of the separated reactants as a reference value. The reduced
density gradient is used for resolving non-covalent interactions
energies with NCI-Plot code as implemented in Jaguar [49-52].
The nature of transition states (TSs) is confirmed by one single
imaginary frequency that correspond to the reaction coordinate.
Additional scans at 0.1 angstroms step along with the reactions
coordinate and IRC calculations are performed to confirm that
TSs correctly connect reactants and products.

Synthetic procedures. Preparation of Pd-(CaCOs), clusters.
A volume of 100 mL of ethanol was saturated with 0.2-1 mg of
Pd,(dba)s, although the purity and ageing of the commercial pre-
cursor conditioned the amount required. This is a well-known
issue with this precursor, and has been published in the past
[53]. Up to 10 mg of precursor were used in some batches, due
to most of it having degraded to Pd black. To bypass this issue,
the mixture was stirred for 15 min to dissolve as much precursor
as possible. Then, the solution was centrifugated and further fil-
trated (400 nm filter) to eliminate impurities from the precursor,
redoing the process until the desired concentration was obtained
(0.5-2 ppm Pd in solution, as Pd,(dba)s). The obtained solution
should be violet-colored and completely transparent. 200 mg of
CaCl,-2H,0 were added to the solution and sonicated to disperse
the salt. After having fully dissolved, the solution was placed into
a 250 mL round flask with stirring (300 rpm) where 1.2 mL of
TEA were added. After the addition of the amine, CO, started to
flow from a reservoir to the flask through a capillary at 100 cm?/
min during 5-10 min. The violet color of the solution starts to fade
after sonicating and adding the base, and becomes almost colorless
when the CO, bubbling starts. Upon bubbling, the solution
becomes turbid, indicative of the CaCOs; being formed, and
becomes transparent again due to the amine, which is capping
the carbonate chains and making them stable in the liquid phase.
After the bubbling stops, the solution is kept in stirring for 10-30
more minutes. The stirring times after the exposure to CO, were
dependent on the amount of time the solution required to shift
back from white to transparent, which varied depending on the
specific synthesis. The obtained solution is centrifuged at high
speed (20,000 g), washed and rinsed 3 times with fresh ethanol.
Higher metal loadings and longer bubbling times lead to the for-
mation of bigger Pd aggregates, while lower loadings and shorter
bubbling times lead to the formation of more disperse, smaller
Pd clusters.

Synthesis of 5-decynylacetate. 100 mg of 5-decyn-1-ol
(0.65 mmol) was dissolved in 15 mL of anhydrous CH,Cl, and
cooled under N; to 0 °C. 78.5 mg (1 mmol) of acetyl chloride were
dissolved in 50 mL of anhydrous CH,Cl, under N,, and added drop-
wise to the 5-decyn-1-ol solution. The reaction was kept in stirring
for 2 h, and quenched afterwards in 15 mL of cold water. The
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mixture was extracted with CH,Cl,, dried over MgSO,4 and purified
by column chromatography.

Semi-hydrogenation reactions. All the batch reactions in this
work were performed in a 6-mL round bottom vial with a stirring
magnet, in 0.5 mL of ethanol, and 0.3 mmol of starting material,
otherwise stated. The reactions were conducted at room tempera-
ture and stirred at 450 rpm, in a H, pressurized atmosphere of 3
bars. The H, pressure was kept constant by refilling the reactor
periodically. At the start of the reaction, the alkyne: H, molar ratio
was roughly 1-2.5, and enough H, was always present to fully
hydrogenate the alkyne to the corresponding alkane. The yields
were obtained by gas chromatography, and gas chromatography-
mass spectrometry and NMR were used to identify the products.

3. Results and discussion
3.1. Synthesis and characterization of Pd-(CaCOs3),

Pd-(CaCOs3), was successfully formed by saturating with CO, an
ethanol solution containing triethylamine (TEA), CaCl, and Pdy(-
dba)s. Pd" precursors were rapidly reduced under these synthesis
conditions and led to the formation of Pd nanoparticles, in contrast
to Pdy(dba)s. Triethylamine has a double role, acting as a capping
agent to prevent further growth of the calcium carbonate oligo-
mers and displacing the dibenzilideneacetone (dba) ligands from
the Pd precursor, as observed by UV-Vis experiments (Figure S1
and Table S1). The final ethanolic solution contains 0.90-
1.40 ppm of Pd and 400-600 ppm of Ca, measured by inductive
coupled plasma-atomic emission spectroscopy (ICP-AES). Fig. 2a
shows the attenuated total reflection infrared spectrum (ATR-IR)
of the Pd-(CaCOs), solution, which reveals a shoulder at
860 cm~! corresponding to the C-O band of carbonate [54], as well
as a band at 1640 cm™! attributed to the N--H hydrogen bond. The
latter can also be assigned to the protonated carbonate group
capped by triethylamine [55]. Fig. 2b shows the high pressure lig-
uid chromatography-mass spectrum (HPLC-MS) of the solution,
where the presence of carbonate chains of different lengths, rang-
ing from 2 to at least 13 units can be observed.

The Pd-(CaCOs), solution was impregnated on y-alumina, in
order to obtain a heterogeneous, easier to handle catalyst, while
simultaneously enabling the re-concentration of the Pd species in
the liquid phase onto the alumina surface [55]. Fig. 2c shows
aberration corrected high-resolution-high angle annular dark
field-scanning transmission electron microscopy (AC-HR-HAADEF-
STEM) images of the supported Pd-(CaCOs), species on
v-alumina, where a distribution of Pd species. On 2c, left, a general
overview of the catalyst: Pd species present solely on CaCOs, sup-
ported on Al,03. On 2c, center, a close-up of some small, structured
Pd NPs next to less-ordered, sub-nanometrical clusters and single
atoms is presented. Some lattice fringes from the structured,
underlaying oxide can be observed on the left edge of the image.
At maximum resolution (2c, right) some single atoms can be
observed on the amorphous CaCOs. It is worth mentioning that
the sizes of the Pd species in this catalyst are lower than the usual
size of nanoparticles prepared in solution, which ranges from 4 to
10 nm [56-59], likely due to the very low Pd contents in the solu-
tion. However, it must be emphasized here that the 1-2 nm Pd
nanoparticles are possible not the catalytic active species
but <1 nm Pd species (see ahead). The Pd species can be found
on the CaCOs islands formed on top of the alumina support. The
presence of the carbonate species on the solid was further con-
firmed by Fourier-transformed infrared spectroscopy (FT-IR, Fig-
ure S2). Representative bands of crystalline CaCO; were not
observed on the X-Ray diffraction (XRD) spectra of the Pd-CaCOs/
Al,03; powder, which indicates the formation of very tiny and
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Fig. 2. ATR-IR (a) and TOF-MS (b) spectra of the ethanolic Pd-(CaCOs), solution, and AC-HR-HAADF-STEM imaging of Pd-(CaCOs), on Al;03 (c). The lattice fringes on the left of
the middle picture correspond to the structured oxide support underneath the amorphous CaCOs.

amorphous carbonate phase. Similarly, peaks corresponding to a
crystalline Pd phase were not observed on the supported catalyst,
as expected for Pd species of less than 2 nm (Figure S3). XPS anal-
ysis was also performed on the supported catalyst, and confirmed
the presence of Ca on the sample, with the characteristic CaCO3
2psj2 - 2py2 splitting, by roughly 3.5 eV. A faint band at 342.1-
341.9 eV was observed and assigned to the Pd 3ds/, orbital; a
higher binding energy than the characteristic bulk Pd signal
(340.7 eV), a shift usually observed for very small Pd clusters
[60] or in Pd-O environments [61,62], which could originate in this
case from the interaction of Pd and the underlaying CaCOs. (Fig-
ure S4) The Pd 3dsj, band, expected at ~ 336 eV, could not be
determined. The presence of sub-nanometric clusters in the Pd-
(CaC0s3), catalysts contrasts with the other two commercial cata-
lysts, the c-Pd/TiS catalyst and the Lindlar catalyst. Nanoparticles
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with a narrow size distribution were observed on the c-Pd/TiS cat-
alyst (Figure S5), in accordance with previous results [23], and Pb-
alloyed Pd species of greatly disparate sizes were observed by
high-resolution field emission-scanning electron microscopy (HR-
FESEM) on the Lindlar catalyst (Figure S6), ranging from 10 nm
to 500 nm. For the sake of comparison, images of commercial Pd
on carbon (1 wt% Pd) were also obtained (Figure S7).

Given the extraordinarily low concentration of Pd in the cata-
lyst, either supported or not, other routinely characterization tech-
niques could not be performed. Thus, discerning if Pd single atoms
[63-66] or few atoms clusters [63,64,67-69] are the major species
in Pd-(CaC0s), is difficult at this point. However, the data collected
in this section together with mechanistic and computational stud-
ies (see below) will give a reasonably accurate picture of the cata-
lyst structure.
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3.2. Catalytic results

Fig. 3 shows the catalytic activity of soluble Pd-(CaCOs),
compared to the commercial Lindlar and c-Pd/TiS catalysts, for
the partial hydrogenation of different alkynes to the corresponding
cis-alkenes. The catalytic activity was evaluated in a batch reactor
at room temperature, under pressurized H, atmosphere (3 bar) and
constant stirring. The initial semi-hydrogenation turnover fre-
quency (TOF,, calculated from a linear regression of the initial
kinetic points, typically up to 30% conversion) of Pd-(CaCOs), for
the internal gemini alkyne 2,5-dimethyl-3-hexyn-2,5-diol 1 and
4-octyne 2 is 10 times higher than the commercial Lindlar and

™ on
2000 ;\ 7 i
= Pd-(CaC0y),
@ c-Pd/TiS
/\/\/ = Lindlar
1500 B
T
£ 0
Emoo /K/
~ P4
: 3 0
7
“Z
500 4
5
o Ml . el e
T T T
2,5-dimethyl-3-hexyn-2,5-diol 4-octyne 3-methyl-1-p | i
o6 . . . \ .
't.. . ® o s s
8o & .
2 Pd-(CaCOs),
L)
2 60 . ® - Alkyne
< o Alkene
% A - Alkane
>~ a
> 40| .
a
204 ®
=] L]
5] a A
o~’ AL A A “ s [ﬁ o .
100 6.
L]
° i = =
80
L]
$ 60 o c-Pd/TiS
z
5
> 40 r
L]
a
20
o A
=] 2 = -
D s S B s R -
1000 =
. o
80 ® e
a
o
g 60+ ’ Lindlar
= 8
=
£ 404
o
A
20 =] A
°1 L)
0 ‘EAA A A A‘ 3 . ° ‘ o‘
100 @, LS =
L]
L]
80
* A
g 60 " Pd/C (19%w)
k- L]
£ 40 -
A
a =]
20
a
A
o e
O-‘AAA ! I o ! T |
0 50 100 150 200 250

Time (min)

Fig. 3. Top: Alkene formation initial turnover frequencies (TOF,) of the screened
catalysts for different alkynes. Bottom: Kinetic profiles for the hydrogenation of 3
with a) Pd-(CaCOs), (1.2 ppm Pd), b) c-Pd/TiS catalyst (2.3 ppm Pd), c) the Lindlar
catalyst (7.0 ppm Pd), d) Pd NPs on carbon (4.1 ppm Pd). Reactions were carried out
at 298 K under 3 bars of H,.
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c-Pd/TiS catalysts, and double for 3-methyl-1-pentyn-3-ol 3 and
diphenylacetylene 4, although lower for phenylacetylene 5. The
hydrogenation of 3 did not proceed without the addition of the
Pd precursor to the CaCOs solution and another blank test with
Pdy(dba); in ethanol proceeded at a much slower rate, with a
TOF, 45 times lower than with Pd-(CaCOs), (Figure S8). The activ-
ity of two different catalyst batches fell within the same range,
proving the reproducibility of the catalyst synthesis.

Further examination of the catalytic results in Fig. 3 show that
the reactive differences between Pd-(CaCOs), and the commercial
catalysts arise not only from the overall catalytic activity but also
from a much better semi-hydrogenation of internal vs terminal
alkynes, with Pd-(CaCOs),, which contrasts with the often mixed
results found in bibliography for the commercial Pd catalysts
(Table S2). The lower activity for internal alkynes of the commer-
cial catalysts is particularly visible for c-Pd/TiS, in accordance with
its reported inefficiency when hydrogenating alkynes with a
kinetic radius superior to 8 A [12], due to the steric impediments
imposed by the hexadecyl-(2-hydroxyethyl)dimethyl ammonium
dihydrogen-phosphate (HHDMA) ligand tails (Table S2). Besides,
regardless of the position of the alkyne in the aliphatic substrate,
the Pd-(CaCOs), catalyst shows a much more pronounced selectiv-
ity towards the alkene during extended reaction times, as evi-
denced by the kinetics results in Fig. 3. The different kinetic
experiments were carried out at a similar reaction rate, for a fair
comparison of the selectivity vs time for all Pd catalysts, thus using
the different amounts of Pd specified in Fig. 3. It can be seen there
that Pd-(CaCOs3), selectively catalyzes the semi-hydrogenation of 3
to 3-methyl-1-penten-3-ol (3') with a yield of 96.7% after 100 min,
and this selectivity is maintained for at least two more hours. Only
a 3.3% of the corresponding alkane is formed after full conversion.
In contrast, the colloidal Pd catalyst presented a lower selectivity
after full conversion, with a maximum percentage of alkene of
92.5%, and the Lindlar catalyst reached the same yields but rapidly
overhydrogenated the product when there was no remaining alky-
nol [70], which is a well reported issue for this catalyst. The Pd/C
catalyst, as expected, showed very low selectivity. Similar results
were found for alkynes 1 and 2 (Figure S9). These results suggest
an excellent selectivity control of the soluble Pd-(CaCOs), catalyst
together with a much superior performance respect to the com-
mercial catalysts.

As a means to further investigate the aforementioned trends in
activity and to extent the potential use of the Pd-(CaCOs), catalyst,
we performed a scope of aliphatic and aromatic alkynes, both ter-
minal and internal. Fig. 4 shows that internal aliphatic alkynes are
the fastest reacting substrates on the Pd-(CaCOs), catalyst. Com-
pounds 1, 2 and 15-23 hydrogenate selectively to the correspond-
ing cis-alkene products with full or nearly full conversion in all
cases. The presence of an oxygen-atom containing propargyl sub-
stituent (hydroxyl, ketone or ester) positively affects the reaction
rates (Figure S10), and only internal aromatic alkynes lacking this
substituent are less reactive (compounds 4 and 12-14, with excep-
tion of alkyne 21). It is worth mentioning that no aldehyde to alco-
hol conversion was observed for substrates 6 and 24, that the
halogenated rings in substrates 9 and 10 were also tolerated, and
the main reaction of 12 and 23 was the hydrogenation of the inter-
nal alkyne groups to give the corresponding dienes as main prod-
ucts. Pd-(CaCOs), supported on Yy-Al,0; was also active and
highly selective for the semi- hydrogenation of substrates 2, 3,
18 and 20, which gave the corresponding alkenes in comparable
yields to the homogeneous catalyst. A “hot filtration” test was per-
formed with the supported catalyst and neither leaching evidence
(Figure S11) nor particle aggregation were detected (Figure S3).
However, the catalyst could not be directly reused after reaction
with 3, which indicates that a reactivation process might be neces-
sary to regenerate the catalyst.
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Fig. 4. Scope for the semi-hydrogenation of different alkynes with the Pd-(CaCOs3), catalyst; X = conversion of the alkyne (starting material), S = selectivity towards alkene,
otherwise specified, TOF (min~') of the alkyne to alkene reaction. The conditions under which the reactions were performed can be found next to the substrate number,
which are the following: a) 0.46 ppm Pd, b) 1.20 ppm Pd, c) 1.40 ppm Pd; d) 60 min, e) 90 min, f) 120 min, g) 150 min, h) 180 min, i) 240 min, j) 12 h of reaction time, k) Pd-
(CaCO0s), on alumina catalyst. All reactions were performed at room temperature, except for some performed at 333 K (*), which did not proceed at room temperature. All
reactions were performed with 0.3 mmol of alkyne as a starting material, otherwise specified.

3.3. Reaction mechanism

3.3.1. Nature of the active Pd sites

In order to assess the nature of the catalytically active Pd spe-
cies in the Pd-(CaCOs), clusters, poisoning tests were performed
with triphenylphosphine (PPhs), which has been reported to easily
bind to the metal site and displace ligands such as dba [71]. The
supported Pd-(CaCOs)n on y-alumina was employed for a fair com-
parison with the commercial supported catalysts in terms of PPh;
adsorption. Fig. 5a shows that, when poisoned with a 1:20 Pd-
(CaCO0s), to PPhjs ratio, the y-alumina-supported Pd-(CaCOs), cat-
alyzed hydrogenation of 3 is almost stagnant, with a 96% less
alkene being formed. In striking contrast, Fig. 5b-c show that the
c-Pd/TiS and Lindlar catalysts were just partially poisoned by
PPhs, with final alkene yields > 90%. It is worth noting that the
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poisoning agent generated an induction period for both the Lindlar
and the c-Pd/TiS catalysts, responsible for the low yields at 1 h
reaction time, which is not the case for the Pd-(CaCOs3), on alu-
mina, where the semi-hydrogenation reaction did not start after
8 h. The ability of the Lindlar catalyst to selectively hydrogenate
alkynes stems from the favorable adsorption of the alkyne group
compared to the alkene group [12], although selective and unselec-
tive sites have been identified on the catalyst surface [70]. In accor-
dance, as shown above in Fig. 3¢, high yields of 3’ are only achieved
while some alkyne 3 remains in solution. Otherwise, quinoline poi-
soning is needed to palliate the alkene over-hydrogenation [72] at
expenses of a further activity loss, in addition to the losses caused
by lead-poisoning [73]. c-Pd/TiS operates similarly to the Lindlar
catalyst in terms of adsorption energies, but the destabilization
of the adsorbates is promoted by the organic ligand (HHDMA)
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Fig. 5. Kinetic profiles for the hydrogenation of 3 untreated (full markers), and
treated with PPhs, Pd:PPh; ratio 1:20 (empty markers): a) Pd-CaCO5 on y-Al,0s, b)
c-Pd/TiS, c) Lindlar catalyst.

monolayer that is present on the nanoparticle surface [12]. Besides,
the steric effects caused by the presence of the phosphate organic
monolayer decreases the accessibility of the alkyne to the catalytic
site, a phenomenon observed on other functionalized catalysts
with phosphonic ligands [74].

3.3.2. Alkyne effect

The Pd-(CaCO3), catalyst outperforms the two commercial cat-
alysts in terms of intrinsic activity and selectivity. Therefore, the
key to its selective hydrogenation performance might be attributed
not only to the size of the Pd species but also to their intrinsic elec-
tronic properties. The high selectivity of Pd single atoms for the
partial hydrogenation of acetylene has been attributed to lower
ethylene adsorption energies [75] and a higher electron density
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of the Pd single atom, which would favor a charge transfer into
the unoccupied 7 orbital of acetylene, which would in turn desta-
bilize the triple bond [76]. Thus, in view of these results and our
experimental data pointing towards the importance of electronic
effects [7,77,78], reaction rates for differently substituted aromatic
alkynes were correlated with the Pd-(CaCOs), catalyst through the
Hammett equation. In contrast to the reported absence of correla-
tion between hydrogenation rates and alkyne charge for the Lind-
lar catalyst [79], Fig. 6 shows that the Pd-(CaCOs), catalyst
presents a v-shaped Hammett plot [80,81], suggesting a change in
the mechanism ruled by the induced charge in the alkyne group.
This catalyst performs well in the presence of both electronically
dense and charge deficient alkynes, with the least reactive sub-
strate being phenylacetylene (G = 0). The slope values obtained
for Pd-(CaCO3), (pepc = -3.20, pewc = +5.38) emphasize the strong
dependence of the reaction rates on the charge of the alkyne, as
well as a partial poisoning of the catalyst in the presence of pheny-
lacetylene, alluded to by the high slope observed in the EWG
regime. In fact, when the formation of larger nanoparticles is
induced on the Pd-(CaCOs), catalyst, phenylacetylene does not poi-
son the catalyst and the reaction proceeds (Figure S12). From our
computational results (vide infra), we infer that the formation of
styrene could be highly impeded on the limited Pd surface of Pd-
(CaC03), due to the binding mode of the substrate, while it could
proceed normally on the extended Pd surface of a nanoparticle.
The high dependence of the reaction rates on the charge of
the alkyne, illustrated by the slopes of the Hammett plot, and the
potential poisoning effects of phenolic substrates, explains the
observed enhanced performances of internal aliphatic alkynes,
which generally possess more inductive substituents, and make
case for the wide array of different TOFs presented in Fig. 4 [82].

3.3.3. H, effect

Fig. 7a shows that the hydrogenation rates of 1-ethynyl-4-
dimethylaniline (7) and 4-trifluoromethylphenylacetylene (11)
have a slight negative dependence on the alkyne concentration,
with reaction orders of —0.19 + 0.01 and —0.06 + 0.01, while in con-
trast, the reaction rates show a strong dependence on the hydrogen
pressure, with reaction orders of 0.82 + 0.13 and 1.00 + 0.05,
respectively (Figure S13). These dependences can be linked to the
Langmuir-Hinshelwood/Hougen-Watson (LHHW) models involv-
ing the adsorption of two reagents. Comparing the curves in
Fig. 7 with the theoretical curves for the most probable LHHW
models [83], it becomes apparent that the best fitting model
involves a single catalytic site, in which the alkyne and H, adsorb
competitively, while H, controls the reaction rate (Figure S14).

Primary kinetic isotope effects (KIEs) were observed when per-
forming the semi-hydrogenations of 7 and 11 with D,. Switching
hydrogen for deuterium approximately halved the reaction rates
of 7 and 11, with KIE values of ky/kp = 2.1 + 0.1 and ky/kp = 2.3
0.2, respectively (Figure S15). The reaction orders and KIE values
were obtained for 3 as well, and yielded similar results (Figures
S11 and S13). With these results in hand, one can say that the
semi-hydrogenation of alkynes on the Pd-(CaCOs), catalyst is con-
trolled, in the presence of adsorbed alkyne [83], by the H; splitting
step over the Pd species. Were the hydrogen insertion/reductive
elimination the limiting step, one would expect an inverse effect
[84]. Given that the dissociation of H, limits the reaction rate, we
attribute the Hammett plot results above to the fact that both
the more electronically dense and the more charge depleted alkyne
groups facilitate an heterolytic H, splitting by providing the right
electronics, in accordance with the concave shape of the plot. This
mechanism [79] has been observed before on nitrogen-
functionalized Au heterogeneous catalysts during alkyne semi-
hydrogenations [85] and Pd;/TiO, hydrogenation reactions [86].
Illustrating it through a simplified model (Figure S16), one can
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regimes, 1-ethynyl-4-dimethylaniline 7 and 4-trifluoromethylphenylacetylene 11.

see that the Pd-(CaCOs), catalytic sites possess the ability to
accommodate both the H® or H®" counterparts, depending on
the alkyne which they are interacting with. The ambivalence of
the Pd®" - H> |/ Pd® - H® bond has been demonstrated, although
to our knowledge it has only been employed to understand the
mechanism and regioselectivity of hydrogenation and isomeriza-
tion of alkenes with organometallic catalysts [87,88]. More specif-
ically, the authors found that when the reactive double bond was
conjugated to an EWG, the H insertion occurred on the charge defi-
cient carbon, implying a Pd** - H*> bond, while when conjugated to
an EDG, the insertion occurred on the electronically rich carbon,
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implying a Pd> - H® bond. As aforementioned, and in contrast
to the case at hand, the hydrogenation rates of the reactions medi-
ated by the Lindlar catalyst have been reported to remain constant
regardless of the substrate charge [79]. From our understanding,
the fact that the adsorbates on the Pd species of the Pd-(CaCO3),
catalyst are able to tune the electronic environment of the active
site, but are not able to do so on the Lindlar catalyst, is a conse-
quence of the different metal particle size of each catalyst or, more
specifically, the ability of larger metallic particles to disperse the
effects of localized charges on the surface inwards, while smaller
clusters must accommodate them on the surface itself.
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3.4. Computational studies

As the resolution of sub-nano clusters at an atomistic level
remains evasive for experimental techniques, theory might con-
tribute to provide valuable insights into the catalytic mechanism.
Our computational efforts have been focused on the precursor
cluster, e.g., Pd-(CaCOs)s. As illustrated in Fig. 8 (left panel), two
strategies are implemented to yield to reliable structures. The first
approach uses the isolated components of the cluster. Atoms are
combined to generate random combinations without imposing
any initial bond order [40-42]. In the second method, we used
the available (CaCOs); structure [43] to search for the most stable
cluster at DFT-D level [44-48]. We have not included supports
such as alumina in the computational studies, since we have
observed that the alumina support does not notably hinder nor
enhance the performance of the reaction, as shown in the results
above for the hydrogenation reactions of 3 with supported and
unsupported Pd-CaCOs clusters. These results led to assume that
there was not a significant alumina-carbonate interaction, or at
least that the alumina does not play a significant role in the cat-
alytic process beyond supporting the catalytic sites. This assump-
tion has chemical sense since carbonates are much stronger
bases/nucleophiles than alumina.

Fig. 8 (right panel) includes the produced skeletons with the
lowest energies. Our models suggest that Pd is efficiently inte-
grated into the parent (CaCOs)s cluster without distorting the orig-
inal network; COs; anions originally connecting Ca cations are
observed to simultaneously anchoring Pd through O-Pd contacts
upon metal coordination. As results, four structures are localized
in energetic window of 7.61 kcal/mol. Of course, there are other
compatible structures in which atoms are organized without pre-
serving the COs; entities. A close inspection of the last cluster
depicted in Fig. 8 reveals the presence of CO, and -O-O- motifs
(Figure S17). However, such less classical trends are associated
with large relative energies (AE > 86.80 kcal/mol). One might
expect to find the most favorable geometries under experimental
conditions. Accordingly, the best ranked Pd-(CaCOs)s nanocluster
(Fig. 8, top structure on right panel) is retained in the computa-
tional protocol as the model to mimic the adsorption and catalytic
phenomena.

ox: 000000000
cxs Q99
s Q@@

PdX1 @

CasCOs X 1

Pd X1 @

L
AE = 0.00 kcal/mol
) N
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Alkynes 1 and 4 are selected as representative species with
large and small TOFs values, respectively. According to the results
summarized in Fig. 9, a contrasting behavior occurs depending on
the groups that sandwich the alkyne. On the one side, alkyne 1 is
better adsorbed in the surface of the Pd-(CaCOs), cluster, with an
interaction energy of —50.34 kcal/mol, significantly larger than
the one predicted for alkyne 4 counterpart (-30.74 kcal/mol). The
analysis of non-covalent interactions [49,50| hints that the pres-
ence of adjacent hydroxyl groups enables non-covalent bonds with
C0%™ and Ca?*, which explains that difference of ca. 10 kcal/mol
(Figure S18). On the other hand, these additional contacts do not
only better anchor alkyne 1 compared to 4, but also have an impact
on the adsorbate geometry. If we compare the optimized clusters
before and after hydrogenation (marked with a vertical blue line),
we can observe that the adsorption of alkyne 1 is fully compatible
with the entry of H, into the Pd sphere of coordination. A contrast
picture is foreseen for alkyne 4, that interacts with Pd in a perpen-
dicular manner and ‘hides’ the metallic center for the hydrogena-
tion site (Figure S19). These accumulated evidences rationalize
the positive effect of hydroxyl groups in the reaction rates.

Molecular models also help to monitor the semi-hydrogenation
mechanism. The energetic profiles plotted in Fig. 9 are associated
to a step-wise mechanism, e.g., hydrogen atoms are transferred
to the alkyne through two transition states (TS1 and TS2) and do
not follow a concerted mechanism (videos S1-S2). It should be
stressed that after the adsorption of H,, the energetic profile for
alkyne 4 becomes flatter (more favorable) compared to 1.
The former shows smaller energetic barrier for the transference
of both the first and second hydrogen atoms (see TS1 and TS2
relative energies). The same apply for the final energy of
the semi-hydrogenated alkyne: —48.45 kcal/mol (alkyne 4) vs.
—35.96 kcal/mol (alkyne 1).

Numeric outcomes demonstrate how the structure is critical to
better accommodate internal alkynes onto the cluster. Decoration
with hydroxyl groups helps to fold the alkyne towards the surface
of the Pd-(CaCOs3); cluster, which in turn keep the catalytic Pd-site
exposed for the concomitant coordination of H, to the cluster.
Alkynes without such interaction ability are expected to interact
with Pd in the same catalytic region required for the H, coordina-
tion. We must conclude that earlier stage (adsorption step of the

AE = 2.33 kcal/mol

@ AE = 5.36 kcal/mol
]

AE =7.61 kcal/mol

1 AE = 86.80 kcal/mol

Fig. 8. Left panel: initial model systems. From top to bottom: unbiased structure search based on the chemical composition without assumptions about the cluster structure;
optimization of the (CaCOs3); cluster upon complexation with a Pd atom. Right panel: predicted structures for the lowest energy Pd-(CaCOs); clusters and their relative

energies (in kcal/mol).

51



J. Ballesteros-Soberanas, Juan Carlos Herndndez-Garrido, José Pedro Cerén-Carrasco et al.

Journal of Catalysis 408 (2022) 43-55

80 ~
60 fgfé
40 L
- Ve . I @255 1 _
: )+ T (18.19) TS1 | \f\(k\
g 0 r—Aikgne .
E 20 *‘,: +H2 \ )f
4 '4
5 -40 TT(35.96)
e m (-50.34)
<
3 - Reaction coordinate
i M / KK(KL(
X >
3 40 = ‘Sﬁ' = 4L
o — o e
20 | v ) (20.16
aamaiie'd I w&; W
0
Alkyne 4 +H2 | 9 (-5.43) A ¥
20 ,';f/ (-14.31) TS2 f((
-40 (-30.74)
(-48.45)
-60
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substrate on the surface of the catalyst, previous to the hydrogen
splitting and hydrogen insertions) plays a critical role in the global
reaction rate. It is true that participation of distorted Pd cluster
structures might play a role here, and this approach deserves fur-
ther studies in the future [89-92].

3.5. Applied industrial chemistry

Considering the results of the reaction scope, and our insights
on the reaction mechanism, the novel catalyst has the potential
to excel in the synthesis of some industrially relevant alkenes,
which result from the semi-hydrogenation of alkynols or internal
alkynes. The selective hydrogenations of four distinct substrates
with these functionalities have been selected to showcase the per-
formance of the Pd-(CaCOs), catalyst: i) TMDD (2,4,7,9-tetrame
thyl-5-decyn-4,7-diol) 31, a gemini surfactant, ii) 5-
decynylacetate 33, to give a typical long chain olefin structure such
as cis-5-decenylacetate (Z5-10Ac) 34, appearing in insect sex pher-
omones used in sustainable pesticides [93,94], iii) dehydrolinalool
(DHL) 35, a widely used terpene for the synthesis of fragrances
[13], and iv) MBY (2-methyl-3-butyn-2-ol) 37 to produce the cor-
responding alkene (MBE) 38, used in the synthesis of vitamins A
and E, as well as in the fragrance industry as a reaction intermedi-
ate [13].

The results in Fig. 10 show that, indeed, the performance of the
Pd-(CaC0s), catalyst was excellent for internal alkynes, with com-
plete conversions and very high selectivities towards the desired
alkene. The formation of linalool, while being slower, as expected
for a terminal alkyne, was highly selective and showcased the
affinity of the catalyst for homopropargyl groups in competitive
intramolecular hydrogenations. Similarly, the hydrogenation of
MBY was fast and highly selective, with total conversion after
approximately 2 h and, with H, still present, selectivity barely
decreased for the next 2 h.

4. Conclusions

Pd-(CaCOs), clusters of just few atoms have been synthesized
and used as a catalyst for the semi-hydrogenation reaction of
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Fig. 10. Alkyne conversions and selectivities with Pd-(CaCOs), catalyst (0.46 ppm
Pd) for the formation of 2,4,7,9-tetramethyl-5-decene-4,7-diol 32, 5-decenylacetate
34 and linalool 36, reaction conditions: 333 K, 20 h reaction time, 0.15 mmol alkyne
and 0.5 mL of ethanol; and the formation of 2-methyl-3-buten-2-ol (MBE) 38,
reaction conditions: 333 K, 4 h reaction time, 0.3 mmol alkyne and 0.5 mL of
ethanol.

alkynes. Either in solution or supported, the clusters show a cat-
alytic activity and selectivity, particularly for internal alkynes,
one order of magnitude higher than typical commercial catalysts,
including the parent Lindlar catalyst. Mechanistic studies support
a flexible catalytic operativity of the Pd-(CaCOs3), clusters by means
of the concomitant action of Pd and carbonate, particularly propar-
gyl alcohols [16,86,95] to hydrogenate selectively alkynes with a
wide steric and electronic spectrum. These results open the way
to synthesize highly active and selective molecular catalysts
inspired by the active centers (“minimum catalytic unit”) of
extended solid catalysts.
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