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synthetic process in the chemical industry. It is commonly accomplished using
palladium catalysts that contain surface modifiers, such as lead and silver. Here we

ABSTRACT: The selective hydrogenation of alkynes to alkenes is an important Ry iRz

report that the adsorption of nitrogen-containing bases on gold nanoparticles results
in a frustrated Lewis pair interface that activates H, heterolytically, allowing an
unexpectedly high hydrogenation activity. The so-formed tight-ion pair can be
selectively transferred to an alkyne, leading to a cis isomer; this behavior is controlled
by electrostatic interactions. Activity correlates with H, dissociation energy, which
depends on the basicity of the ligand and its reorganization on activation of hydrogen.
High surface occupation and strong Au atom—ligand interactions might affect the
accessibility and stability of the active site, making the activity prediction a
multiparameter function. The promotional effect found for nitrogen-containing bases
with two heteroatoms was mechanistically described as a strategy to boost gold
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B INTRODUCTION

Catalytic hydrogenation is a key process technology in the
petrochemical industry and has evolved into an important
transformation for the manufacture of pharmaceuticals and fine
chemicals, replacing stoichiometric chemical reduction methods
that generate large amounts of toxic waste. Catalytic hydro-
genations are usually accomplished by the activation of
molecular hydrogen via homolytic H, dissociation on metal
surfaces, such as Rh, Pt, Pd, and Ni."”* Selective hydrogenations
with discrimination between reducible functional groups, such
as carbon—carbon triple and double bonds, are very
challenging. Palladium remains the catalyst of choice for
many hydrogenations, but the selective conversion of alkynes
into cis-alkenes requires the use of a palladium catalyst partially
poisoned with a metal such as lead (Lindlar catalysts).3
Auxiliary ligands containing N, S, and O groups have been
combined with Pd and a secondary metal (Pb, V) to improve
selectivity. The presence of toxic lead and catalyst deactivation
are driving forces for the search of lead-free Lindlar catalyst
replacements for alkyne to cis-alkene hydrogenations. More
active and selective palladium catalysts have appeared, but there
is still room for the development of catalyst systems based on
alternative designs.* ™

Gold nanoparticles (Au NPs) have attracted a significant
amount of interest as catalysts, due to their exceptional
selectivity and surprisingly high activity, which is not replicated
by other metals, for reactions such as CO oxidation.””"® In

comparison to the enormous number of studies with Au NP
catalysts for oxidations, there are fewer studies in hydro-
genations and gold was often considered only a modest
hydrogenation catalyst.”_16 Ultrafine gold particles supported
on alumina were regarded as a unique metal for the selective
hydrogenation of acetylene into ethylene, and gold received
attention as a selective catalyst for this gas-phase reaction.'”"*
More recently, a new interest emerged in the selective
hydrogenation of carbonyl or nitro groups.'”~** The main
virtue was gold’s unique chemoselectivity, which is controlled
by the thermodynamics of the adsorption of the organic
reactants and products.'®” In general, the low activity
associated with gold is a consequence of poor H, dissociation
on gold,”*** though nanostructuring can improve activity (H,
dissociation) at structural defects on nanoparticles or nano-
porous materials.'®

The use of molecular modifiers or auxiliary ligands is a well-
known strategy to enhance selectivity in heterogeneous
catalysis, mainly as a result of ensemble control,>* ** and
similarly capping ligands (e.g., nitrogen-containing bases) were
found to influence the catalytic properties of metal nano-
particles.””** Quinoline is the most frequently used modifier,
either by itself or with lead, for the selective hydrogenation of



alkynes performed on Pd Lindlar and Pt catalysts.*®*’

Nitrogen-containing bases have also been explored as
promoters for hydrogenation reactions by gold via H,
activation (quinoline™ and pyridine’”) and using other
hydrogen sources, such as PhMeZSiH40 and HCOOH," in
combination with reaction modifiers. The use of H, as the
hydrogen source is highly desired, as it avoids the production of
residues, but the channels for activation of H, on gold are not
yet fully understood.

Herein, we report the unique promotion effect of nitrogen-
containing bases on the catalytic activity of gold nanoparticles.
The starting inactive gold nanoparticles supported on silica
become highly active for the selective hydrogenation of alkyne
into cis-alkenes. The hydrogenation proceeded smoothly and
was fully selective using H, as the hydrogen source under
relatively mild conditions (80 °C, 6 bar of H,). According to
density functional theory calculations, molecular hydrogen
dissociation occurs at the ligand—gold interface, generating a
tight-ion pair that can be selectively transferred to the adsorbed
alkyne in a cis configuration controlled by electrostatic
interactions.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents used for the support
and catalyst preparation were of analytical grade, purchased
from Sigma-Aldrich, and were used as received.
Tetrachloroauric(III) acid was purchased as a 30 wt % aqueous
solution in dilute HCI (Sigma-Aldrich). Alkynes, alkenes,
amines, and standards for GC analysis were purchased from
Sigma-Aldrich at the highest grade available and used as
received. Liquid amines used as additives were purified by
standard methods just before use. Ethanol (99.5%) and DMF
(99%) were purchased from Synth (Brazil) and used as
received. Toluene was purchased from Synth (Brazil) and dried
before use. The glass reactor was thoroughly cleaned with aqua
regia (HCI/HNO; 3/1 v/v), rinsed with copious amounts of
pure water, and then dried in an oven prior to use. Gold
content in the catalyst was measured by FAAS analysis, on a
Shimadzu AA-6300 spectrophotometer using an Au hollow
cathode lamp (Photron). Metal leaching into the supernatant
solution was measured by ICP-AES, performed on a Spectro
Arcos ICP AES instrument. UV—vis spectra were recorded on a
Shimadzu UV-1700 instrument. TEM analyses were performed
with a JEOL 2100 instrument. X-ray diffraction (XRD) of the
samples was recorded using a Rigaku miniflex diffractometer
with Cu Ka radiation (4 = 1.54 A) at a 26 range from 20 to 90°
with a 0.02° step size and measuring time of S s per step. GC
analyses were carried out with a Shimadzu GC-2010 instrument
equipped with a RTx-Wax column (30 m X 0.25 mm X 0.25
mm) and an FID detector. Method: T; = 40 °C, T; = 200 °C,
25 min, T FID, and SPLIT = 200 °C. Internal standard:
biphenyl. The conversion and selectivity were determined from
the total amount of detected products and reactant.”

Preparation of Au/SiO, and Au/Fe;0,@SiO,. Silica
nanospheres (SiO,) and silica-coated magnetite nanoparticles
(Fe;0,@Si0,) were obtained by means of a reverse micro-
emulsion process and functionalized with (3-aminopropyl)-
triethoxysilane, as reported elsewhere.”® Gold nanoparticles
were prepared by the im4pregnation—reduction method, as
reported in the literature.”* Typically, 1.0 g of the amino-
modified support was added to 20 mL of HAuCl, aqueous
solution (1.3 X 1072 mol L™") with continuous stirring. After 30
min, the mixture was filtered and the solid thoroughly washed

with deionized water. The recovered material was dispersed in
10 mL of water, and an aqueous NaBH, solution (10 mL, 0.2
mol L") was added dropwise with vigorous stirring. After
further stirring for 20 min, the solid was recovered by filtration,
thoroughly washed with water, and dried under vacuum. Both
Au/SiO, and Au/Fe;0,@SiO, catalysts contain 3.4 wt % of
gold as determined by FAAS.

Preparation of Au/Support (TiO,, CeO,, and Al,0;). Au
NPs supported on TiO,, CeO,, and Al,O; were prepared by
the DP method, as reported in the literature.”*® Typically, 1.0
g of oxide support was added to 100 mL of an aqueous solution
of HAuCl, (2.1 X 1072 mol L") and urea (0.42 mol L™"). The
mixture was heated to 80 °C with vigorous stirring for 4 h,
centrifuged, washed, and dispersed in 10 mL of water. Then, an
aqueous NaBH, solution (10 mL, 0.2 mol L™') was added
dropwise with vigorous stirring. After further stirring for 20
min, the solid was recovered by filtration, thoroughly washed
with water, and dried under vacuum. The Au loadings were as
follows: Au/TiO,, 3.4 wt %; Au/CeO,, 3.5 wt %, Au/Al,O;, 2
wt %.

General Procedure for Catalytic Hydrogenation of
Alkynes. A typical procedure for the semihydrogenation of
alkynes is as follows: alkyne (1 mmol), N-containing base (1
mmol), Au/SiO, (1 mol %), and 2 mL of solvent were placed
in a modified Fischer—Porter 100 mL glass reactor. The reactor
was purged five times with H,, leaving the vessel at 6 bar. The
resulting mixture was vigorously stirred using a Teflon-coated
magnetic stirrer, and the temperature was maintained with an
oil bath on a hot stirring plate connected to a digital controller
(ETS-DS IKA). After the desired time, the catalyst was
removed by centrifugation and the products were analyzed by
GC with an internal standard to determine the conversion of
alkyne and the selectivity for alkene. For kinetic studies, the
reaction was performed using 4 times the amount of each
component given above and aliquots were collected and
analyzed by GC at different reaction time intervals. To
determine the isolated yield of the obtained products, after
the reaction was complete, the crude reaction mixture was
transferred to a extraction funnel and treated with HCI (20 mL,
10% v/v). The aqueous phase was extracted three times with S
mL of dichloromethane. The organic layers were dried with
anhydrous MgSO,, and the solvent was removed under reduced
pressure, to give the corresponding desired alkene. '"H NMR
confirmed the purity of the isolated products. Details on other
catalyst tests (catalyst recycling, scale-up, isotope H,—D,
exchange, isotopic effect) are given in the Supporting
Information.

Computational Details. Density functional theory calcu-
lations were performed on slabs representing the gold surface
with the VASP code.*”** The RPBE was the functional of
choice,* and due to the large size of the molecules dispersion
terms were introduced through our modified version of the D2
formulation®” for the metal. The inner electrons were replaced
by PAW,*" and the valence electrons were expanded in plane
waves with a kinetic cutoff energy of 450 eV. The Au(111)
surface was represented by a p(4 X 4) supercell and four metal
layers (>12 A vacuum) for the adsorption and reaction. The k-
point sampling was 3 X 3 X 1 in the Monkhorst—Pack
scheme.>> Transition states were located through the climbing
image nudged elastic band (ci-NEB) method;™ the nature of
the structures was assessed through the vibrational analysis with
a 0.02 A step.



B RESULTS AND DISCUSSION

Screening of a series of N-containing bases (B1—B19) (see
Table S1 in the Supporting Information) with a broad range of
pK, values and chemical structures (primary, secondary, and
tertiary amines and also heteroaromatic and cycloaliphatic
amines) for the hydrogenation of phenylacetylene la over Au
NPs supported on silica (Au/SiO,) with an average diameter of
2.3 + 0.6 nm (see Figure S1 in the Supporting Information),
provided the results shown in Figure 1.
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Figure 1. Screening of nitrogen-containing bases for phenylacetylene
(1a) hydrogenation with Au/SiO, catalyst. Reaction conditions: 1
mmol of 1a, 0.01 mmol of Au (50 mg of Au/SiO,), 1 mmol of amine,
2 mL of ethanol, 100 °C, 6 bar of H,, 24 h.

Au/SiO, itself performed poorly (conversion <1%), but it is
highly selective and provides exclusively the alkene 1b. The Au/
SiO, catalyst becomes active in the presence of some of the N-
containing bases studied, but there was no correlation with the
amine pK, values. In general, nitrogen-containing bases with
two heteroatoms (pyrazine (B1), 2,2-bipyridine (B3), morpho-
line (B7), 1,4-diazabicyclo[2.2.2]octane (DABCO; BS),
piperazine (B10), and imidazole (B17)) exhibited a higher
promotion effect in the hydrogenation of la by gold than
species with one nitrogen atom. Morpholine (B7) was able to
give full conversion of la, but a competing hydroamination
process® occurred and the ketone product was formed in the
crude products (selectivity for acetophenone 1d: 60%).
Piperazine (B10) provided full conversion of la and 100%
selectivity to the alkene 1b, giving the best catalytic result
among the amines tested. It is worth mentioning that a blank
experiment with B10 and without the catalyst or with the
support without Au NPs showed no conversion of 1a (Table S2
in the Supporting Information). Another experiment carried
out in the presence of catalyst but in the absence of H,
(reaction performed under a nitrogen atmosphere) showed no
conversion of 1a (Table S2). A filtration test revealed that the

obtained activity is not related to any leaching of the
catalytically active metal (no remaining activity in the
supernatant), which suggests that gold surfaces containing
adsorbed auxiliary ligands catalyze the hydrogenation reaction.
In order to further examine the stability of the Au NP catalyst
upon recycles, a magnetic version of the silica support was
synthesized to avoid any mass loss during the recycles. The
magnetic catalyst (Au/Fe;O,@SiO,) was easily recovered by
magnetic separation, and the recovered solid remains active for
five successive reactions using fresh portions of 1a, piperazine
(B10), and solvent (Figure S2 in the Supporting Information).
ICP AES analysis of the liquid products isolated after magnetic
separation showed negligible amounts of gold (detection limit:
0.10 ppm). These results corroborate the filtration test,
suggesting that the catalytically active metal remains at the
support and does not leach into the solution.

The Au/SiO, catalyst was further tested in the hydrogenation
of la using different solvents and temperatures. The “green”
and protic solvent ethanol gave the best catalytic results (full
conversion), while aprotic solvents such as toluene and DMF
were slightly less efficient (Table S2 in the Supporting
Information). Decreasing the reaction temperature to 80 °C
did not affect the conversion and selectivity, while further
reduction of the temperature to 60 °C caused a decrease in
conversion to 53% (Table S2). On the basis of the above
experiments, we chose ethanol as solvent, piperazine (B10) as
the auxiliary ligand, and a temperature of 80 °C as the
optimized conditions for the semihydrogenation reaction. We
further examined Au NPs immobilized on different supports,
such as Au/Al,O;, Au/TiO,, and Au/CeO,, under the
aforementioned conditions (Table S2). TiO, provided the
same activity and selectivity as for SiO,, but the CeO, support
was detrimental to activity while the AlL,O; support was
detrimental to selectivity. Next, we turned our attention to
analyze the effect of adding different amounts of piperazine
(B10) (Figure 2). A very low conversion of la (13%) was
obtained using la:ligand:Au 100:1:1 (Figure 2a), but full
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Figure 2. Time course of hydrogenation of phenylacetylene catalyzed
by Au/SiO, with increasing amounts of piperazine: (a) 0.04 mmol; (b)
0.4 mmol; (c) 2 mmol; (d) 4 mmol. Reaction conditions: 4 mmol of
phenylacetylene, 0.04 mmol of Au, 0.04—4 mmol of amine, 8 mL of
ethanol, 80 °C, 6 bar of H,.



Table 1. Scope of Semihydrogenation of Alkynes to Alkenes Using Au/SiO, and Piperazine B10“

R—=— R Au catalyst _ Ri_Re
= "2 EtOH, piperazine B10, H, y
Entry Substrate t (h) Conv. (%)°  Selectivity (%)° Z:E° Entry Substrate t (h) Conv. (%)°  Selectivity (%)° Z:E°
1 = 5 >99 >99 13 aZ 24 >99 >99 -
1a 14 N 15 >99 >99 -
2 1a+1b (1:1) 24 >99 >99 12a
d R
3 la + 1b (1:100) 24 >99 99 158 HZN\/ 24 35 >99 -
4 OH 17 >99 >99
©)\\\ 13a
Pz -
16 o _Z 16 34 >99
2a
14a
: I 2 >99 >99 17 | 2 >99 79 -
HO. N_F
sas
18 = 24 >99 94 -
3a
HO
6° = 45 43 >99
O/ 16a
19 Z 24 >99 99 -
/}(/
4a Hd
7 wo 7 12 >99 >99 17a
20 O 6 99 (80%)  >99 973
Z
- O
8 y 22 >99 >99
wo_ // 18a
21 = 24 >99 (79%)  >99 1000
6a
=
9 \/\// 2 >99 % 192
Ta 22 \/\ 24 60 >99 1000
10 = 24 >99 >99
A"M/ 20a
8a 23 % 24 89 (75%)  >99 1000
1° 45 91 (84%)  >99 HO
\\ 21a
o 24 o /OH 24 >99 >99 1000
12 Ho_Z 24 >99 >99 22a
10a 25 o o/ 2 90 >99 1000
(o] o [e]
V.
23a

“Reaction conditions unless specified otherwise: 1 mmol of alkyne, 0.01 mmol of Au, and 1 mmol of piperazine (B10), in 2 mL of ethanol at 80 °C
and 6 bar of H,. “Determined by GC using internal standard techniques (>99% denotes that no other product was detected); values in parentheses
refer to isolated yields. “Z/E ratio was determined by "H NMR spectroscopy. 1% of alkane detected by GC. ©0.02 mmol of Au and toluene as

solvent (2 mL).70.02 mmol of Au. #Toluene as solvent (2 mL).

conversion was achieved with any other concentration of B10
studied (Figure 2b—d). The hydrogenation of styrene (1b) to
ethylbenzene (1c) was completely suppressed when a large
excess of B10 was used (la:ligand:Au 100:100:1). It is worth
noting that the reaction rate is enhanced with an increase in the
concentration of the piperazine (reaction rates 0.87, 9.0, 15.7,
and 15.4 mmol g~ h™", for 1, 10, 50, and 100 equiv of B10,
respectively), suggesting that not only does piperazine play a
very important role in the activation of Au NPs as
hydrogenation catalysts (activity enhancement effect) but it
also works as a selectivity enhancer to avoid the subsequent
hydrogenation of the alkene into alkane. Particularly, in large
excess of piperazine (la:ligand:Au 100:100:1), which would
correspond to about 240 ligands per surface Au atom
(estimated surface atoms 42%), the alkene desorbs without
being converted into the alkane.

Due to the high selectivity of the Au/SiO,:piperazine (1:100
Au:B10) catalytic system for the conversion of phenylacetylene
(1a) into styrene (1b) (Table 1, entry 1), it was tested in a
competition hydrogenation experiment starting from a mixture
of phenylacetylene (1a) and styrene (1b) (Table 1, entries 2
and 3). These experiments revealed that the reaction selectivity
is maintained even in large excess of the alkene 1b and are
relevant to evaluate the application of our gold catalyst system
for the purification of styrene, which is an important monomer
and usually contains small quantities of acetylenic compounds,
which poison olefin polymerization catalysts and must be
removed via selective hydrogenation before polymerization.”
Under competitive conditions, Au/SiO, catalyst converted
preferentially the alkyne la to alkene 1b and less than 1% of
ethylbenzene 1c was formed.

Finally, the general applicability and limitation of the
methodology was evaluated through the hydrogenation of



alkynes under the optimized conditions (100:1:100 alky-
ne:Au:B10). A variety of terminal and internal alkynes were
readily hydrogenated to the desired alkene and cis-alkene with
moderate to excellent yield with, importantly, hardly any over-
reduction to alkane (Table 1). Moreover, both electron-
deficient substituents, such as esters (Table 1, entry 25), and
electron-rich groups, for example amino and methoxy (Table 1,
entries 15 and 16), were tolerated well. Clearly, the most
challenging substrates are alkynes with an alkene moiety (Table
1, entries 6, 11, and 19). We were pleased that our Au NP
catalyst system was able to reduce only the alkyne unit without
any detectable concurrent reduction of the alkene moieties in
both the parent and product molecules. The results depicted in
Table 1 confirmed that a broad range of sensitive and reducible
functional groups, including halide, ether, and ester substituents
(Table 1, entries 12—16 and 25), were tolerated in the alkyne
hydrogenation process. The prominent isoprene, which is an
essential building block in the polymer industry, was obtained
via hydrogenation of 2-methylbut-1-en-3-yne (9a) (Table 1,
entry 11) in 84% isolated yield. (Z)-Alkenes were mostly
formed from internal alkynes (Table 1, entries 20-2S5).
Notably, the semihydrogenation of nonpolar internal alkynes
such as diphenylacetylene (18a) (Table 1, entry 20) and 1-
phenyl-1-propyne (19a) (Table 1, entry 21) proceed quite
smoothly under mild conditions. The only functional groups
that do not tolerate the reaction conditions are aldehydes,
ketones, and carboxylic acids (Table S3 in the Supporting
Information), which are known to couple with amines. The
catalyst system was also applicable for scaled-up conditions; 1a
(50 mmol, 5.1 g) and 18a (50 mmol, 8.9 g) were successfully
converted into the alkenes 1b (4.6 g, 88%) and 19b (7.1 g,
79%), respectively. Considering full conversion, a turnover
number (TON) of 5000 was reached, with an excellent
productivity of approximately 200 mol mol™* h™". These TON
and productivity values (not optimized) are remarkably higher
than those reported for other heterogeneous Au catalyst
systems for semihydrogenation of alkynes employing molecular
hydrogen or any other hydrogen source.””**~>*

On the basis of the aforementioned facts and bearing in mind
that primary and secondary amines are used as ligands in
homogeneous catalysis to promote heterolytic cleavage of H, to
give metal hydride species,%’34 we suggest that the key role of
piperazine (B10) is to facilitate the crucial heterolytic H,
activation at the Au NPs. Namely, the nitrogen atom of B10
can serve as a basic ligand to promote the heterolytic H,
cleavage, providing a favorable situation for hydrogen activation
under very mild conditions. The reaction network and the
configurations are presented in Figure 3. Piperazine (B10) is
adsorbed on the gold surface through one of the N centers; due
to the configuration in a boat site the second N is higher on the
surface. The adsorption energy is sufﬁaently low (—0.27 eV) to
ensure that no leaching of gold occurs.” Upon adsorption, the
H, molecule can split between the ligand, forming a quaternary
N center and a second H that goes to the surface. Such
heterolytic splitting has been proposed for phosphine
hgands,60 63 nitrogen ligands on metals,"* and single-atom
catalysts,?’ 5 while the active participation of the reactant in the
actlvatlon of H, was also found for Ag catalysts in hydro-
genation.”® The metal—ligand system can be understood as a
tight ion pair induced by the frustrated Lewis pair (FLP)
formed by the ligand and the surface.””*® H, dissociation
occurs on the Au(111) surface through an energy barrier of
1.4S eV; the reaction is endothermic by 0.69 eV. Instead, if the
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Figure 3. Reaction energy profiles with the corresponding
configurations for the hydrogenation of 1-phenyl-1-propyne (19a).
The inset corresponds to the charge distribution with respect to the
neutral fragments after the first hydrogenation step. The separation
between the yellow and blue colors indicates the electrostatic
interactions. Yellow spheres represent Au, blue N, black C, and
white H.

surface is decorated with piperazine (B10) the dissociation
shows a barrier of 0.32 eV (therefore close to 0 if zero-point
vibrational energies, ZPVE, are taken into account) and the
final state is thermoneutral in comparison to the reactants (H,
and the FLP). Then the alkyne can be adsorbed on the
Au(111). Alkynes are weakly adsorbed on Au, but due to the
van der Waals contributions the adsorption energy is —0.28 eV
for 1-phenyl-1-propyne (19a). From the coadsorbed state, the
hydride can be transferred to the alkyne. The reaction is slightly
endothermic by 0.28 eV, the barrier being 0.74 eV from the
coadsorbed state. Upon the first hydrogenation the moiety is
negatively charged and interacts by electrostatic forces with the
protonated piperazine (B10); this is shown in the inset of
Figure 3. From this pair, proton transfer occurs, with a barrier
of 0.13 eV, and the total process is exothermic by —2.39 eV.
The alkene requires 0.53 eV for desorption. The particular
structures for the transition states are shown in Figure 4. Note
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Figure 4. Transition state geometries for the hydrogenation of 1-
phenyl-1-propyne (19a). Yellow spheres represent Au, blue N, black
C, and white H.

that even if H, is barrierless according to the potential energy
surface the introduction of entropies in the gas phase molecules
implies that there is an entropic barrier on going from the gas
to the adsorbed phase. 0 Finally, an alternative path considering
first the transfer of the H" and then the hydride was calculated;
however, the intermediate is more than 1.5 eV higher in energy
than that of the H™, H" transfer and thus was discarded.
Calculations also highlight the limited basicity window for
the N-containing bases able to provide the aforementioned
promotion effect for hydrogenation on gold surfaces. Piperazine
(B10) is unique because it is not strongly bound to the surface,
and thus cannot extract the metal, for instance in comparison to



pyridine (B6). The binding energies for the linear complexes
from the atomic reference are exothermic for pyridine (B6)
(—0.1 eV) and very endothermic for piperazine (B10) (>5 eV).
On comparison of the N-containing bases (Figure S), the
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Figure 5. Reaction rates (experimental) as a function of the computed
activation energies for heterolytic H, dissociation at the N ligand—
Au(111) interface (without zero-point correction). The fitting shows
that the activity is completely dominated by the H, activation. The red
points stand for the molecules containing ligands with single N
donors. As shown here they do not belong to the same family: for
quinoline the adsorption is too strong, blocking the reactants on the
surface, while for piperidine the ligand cannot compete with the
reactant for adsorption and thus cannot effectively activate H,.

activity (reaction rates were obtained from the kinetic curves
given in Figure S3 in the Supporting Information) is found to
correlate with the energy barrier for H, dissociation at the
ligand/Au(111) interface for piperazine, DABCO, pyrazine,
imidazole, ethyleneamine, and diethylenetriamine (Table S4 in
the Supporting Information). The barrier is the lowest for B10,
thus indicating the unique catalytic activity of the piperazine—
gold interface. The barrier for the activation is formed by
different terms. One stems from the formation of a proton—
hydride pair, this is a constant going from H, to a H*-H™ pair
separated by an average distance of 2 A. The second appears as
a consequence of the intrinsic basicity of the N-containing
bases. A third term appears since at the transition state some of
the N-containing bases need to rearrange in order to be an
active part in the transition state; this is the case for quinoline
(BS), which presents a much larger H, splitting barrier than
would correspond to its thermodynamic (AE) value. The
fourth term depends on the adsorption of H™ to the metal,
which is in this case invariant. Notice that BS due to its large
size can also block too many adsorption sites. Finally, the
structures with two basic N heteroatoms seem to be more
active for hydrogenation purposes. There are two reasons for
this: the first is that two molecules can be dissociated for each
ligand, thus being doubly active. This is clear with imidazole
(B17), as only one of the N atoms seems capable of trapping
H, (note that diethylenetriamine (B12) converts 23% while
imidazole (B17) about 7% even if the barriers are comparable).
The second reason is that having only one N heteroatom does
not ensure adsorption to the surface for systems, such as
piperidine (B15), which contains only one N. Piperidine (B15)
thus easily leaves the surface, as in the transition state structure
there is no element binding it to the surface, making the
configuration unstable.

Finally, to gain a better understanding of the H, activation
process, we conducted H,—D, exchange experiments (Au
catalyst, toluene, H,:D, 1:1, 6 bar, 80 °C, 24 h). The H,—D,
exchange, attested by the formation of HD in the gas phase
(detected by mass spectrometry m/z 3), was much higher over
the Au/B10 systems than that with pure Au catalyst. These
results suggest that H, and D, molecules dissociate and
recombine to produce HD, and this process is significantly
enhanced by piperazine. When H, was switched for D, in the
hydrogenation reaction under similar conditions, it was
noteworthy that a primary isotope effect (ky/kp, & 2.7, Figure
S4 in the Supporting Information) was observed, suggestlng
that hydrogen is involved in the rate-determining step.”” To
obtain quantitative information about H, dissociation, different
amounts of 1a were hydrogenated under limited H, conditions
(H, was preadsorbed on Au/SiO, catalyst and the B10/Au/
SiO, catalyst system and the reaction was conducted under an
inert atmosphere; see details in the Supporting Information and
Table SS). Within the limits of experimental error, when 1a was
increased from 0.01 to 0.05 mmol, a similar amount of 1b
(~0.008 mmol) was obtained, allowing us to estimate that H,
was the limiting reagent (~0.008 mmol of H, activated by
B10/Au catalyst). For pure Au catalyst, a low yield of 1b
(~0.0001—0.00045 mmol) was obtained, confirming the very
unfavorable hydrogen dissociation by Au in the absence of B10.

On the basis of the experimental and theoretical results
described above, we propose the mechanism shown in Figure 6
for the hydrogenation of alkynes by Au NPs, which is possible
in the presence of adsorbed piperazine due to the heterolytic
activation of H, via frustrated Lewis pairs.

Ry Ry
H H
Alkene Au NPs
desorption
Hydrogen
activation
/\N,H R4 Ry
/_u H \_<
ISl
H-N: .\_/ i H ﬂﬁ
Au NPs o _\_N,H
—
Au NPs
H Ri—=——R,
[ ﬁ/\
R————R, H~
N \xN’H

Au NPs

Figure 6. Proposed mechanism for gold-catalyzed catalytic hydro-
genation of alkynes into cis-alkenes via a frustrated Lewis pair
approach.

B CONCLUSIONS

In summary, we have described that high conversion of a range
of alkynes with excellent selectivity for cis-alkenes was achieved
by combining supported Au NPs, N-containing bases, and H,
as hydrogen source. We emphasize the role of the nitrogen-
containing ligand as a means for substantial enhancement of



catalytic activity and selectivity, since the auxiliary ligands play a
key role by opening a new channel for the heterolytic
dissociation of molecular hydrogen on the frustrated Lewis
pair. This ability to switch on the catalytic activity of Au NPs
provides a promising new method for controlling a reactive
system with ligands. The control is such that stereochemistry of
the addition is also achieved due to electrostatic forces. A
delicate balance among (i) the basicity of the ligand, (ii) the
reorganization energy of the ligand to activate H,, (iii) the
possibility of site blocking by large ligands, and (iv) the metal
leaching induced by some ligands is responsible for the
activity—selectivity—stability controls in the catalyst system. We
believe this remarkable promotional effect by N-containing
ligands may have implications for gold catalysis while
stimulating more applications in the field of selective
hydrogenations not envisaged before. The versatile concept
presented can be transferable to other metal nanoparticle
catalysts.
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