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Section S1.

Literature discussion: Catalytic Performance of AuNPs Hydrogenations.

AuNPs have been proposed as the most suitable catalyst for
application in the continuous production of fine chemical and pharmaceutical
intermediates because the selectivities achieved in the hydrogenations of
alkynes and 1,3-dienes to alkenes are comparable and/or superior to those
achieved using benchmark Pd-based.! Tables S1, S2 and S3 display a
summary of selected literature examples in the hydrogenation of 1,3-dienes
(research examples are limited to butadiene hydrogenation), alkynes and a,f3-
unsaturated carbonyl compounds, respectively.

A key aspect in the selective hydrogenation of 1,3-dienes and alkynes
to alkenes is the absence of adsorbed products on the Au surface, i.e., the
desorption of the formed alkenes. This fact occurs since the adsorption of the
conjugated double bonds, or triple bonds are preferred over the simple ones
avoiding the competition for the same adsorption sites.? For instance, DFT
simulations revealed the better adsorption of C=C at the edges of AuNPs
compared with C=C, whereas the selectivity is determined by the binding
energy of the reactants since the barriers for hydrogenation of triple and
double bonds on Au are comparable.® In contrast, C=C and C=C bonds are
adsorbed on Pd surface and lower selectivities have been obtained. These
differences in the adsorption could be responsible for the shift of the trans/cis
ratio of 2-butenes from 1.5-2.0 (typically Pt and other Group 8-10 transition
metals) to 3.0-10 in the hydrogenation of 1,3-butadienes catalyzed by Au.
This fact is explained by the kinetically favorable trans-to-cis isomerization
during the reaction caused by the favorable cis-to-trans adsorption at the

edges and corners of AUNPs.#®
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Table S1. Selected examples of the Au-catalyzed hydrogenation of 1,3-

dienes.
TOF/ Sel. Alkene/  Sel. 1-:2-(E):2-(2)-
E. Catalyst ' Ref.
min~t % Alkene/ %
1@ Au/Al20s 46.1 > 99 60:10:30 6
21 Au/TiOz 53.1 > 99 60:10:30 6
3@ Au/ZrO2 25.1 > 99 60:10:30 478
48 Au/CeO:2 28.2 > 99 — 9,10
5B Au/CNT 29.0 > 99 50:30:20 1113
6! Au(lll)-MOF 9.0 > 99 60:10:30 14
7@ Au/BMI-PFe/TiO2 11.0 > 99 — 15
8l Au/BMI-PFe/PVP — — — 16

[al Hydrogenation of 1,3-butadiene; ! Hydrogenation of 1,3-cyclooctadiene.

Table S2. Selected examples of the Au-catalyzed hydrogenation of alkynes.

TOF/ Sel. Alkene/ Sel. Z-Alkene/
E. Catalyst . Ref.
min~? % %
1@ Au/Al203 18.9 > 99 — 2
2@ Au/Al203 8.5 > 99 — 1
2@ Au/GO 6.0 > 99 — 18
3B Au/TiOz 23.6 > 99 — L
401 Auzs(SR)18/TiO2  0.016 > 99 — 19
501 Au/TiO2 0.070 > 99 >99 20
6 CeO:2 0.014 95 >99 21
71 Au/BMI-PFe/PVP — — — 16

[al Hydrogenation of terminal alkynes; ! Hydrogenation of internal alkynes.
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Table S3. Selected examples of the Au-catalyzed hydrogenation of a,B-

unsaturated carbonyl compounds.

E. Catalyst TOF/ mint  Sel./ % Ref.
16 Au/TIOz 6.89 58 (H2ALD); 23 (ALLYL-OH) 2224
ol AW/ZrO» 0.60 56 (H2.ALD); 43 (ALLYL-OH) 2224
3ol AU/TIO2 0.23 68 (ALLYL-OH) 25
4% Au/FesOq 0.27 81 (ALLYL-OH) 26
561 AUMCM +scCOz — 90 (ALLYL-OH) 27,28
6Lol Au/SBA 0.62 96 (H2-ALD) 29
710l Au-APTS/SBA 0.03 53 (ALLYL-OH) 29
gl Au/SIO2 4.40 72 (H2-ALD) 30,31
9l Au-PVA/SIO» 10.3 95 (Hz-ALD) 32
101 Au/CNT 2.10 91 (H2-ALD) 1n
111 Au/XC-72 0.92 63 (H2-ALD) 33
124 Au/AlzOs 7.20 78 (ALLYL-OH) 34
136 Au/znO 3.90 78 (ALLYL-OH) 35
141 Au/Fe20s3 3.90 86 (ALLYL-OH) 36,37
15 Au/ FeOOH 3.90 91 (ALLYL-OH) 36,37
161 Au/BPs 0.18 78 (ALLYL-OH) 38
171 Au/PIL 0.01 78 (ALLYL-OH) 39
1819 AU/SPO 0.18 >99 (ALLYL-OH) 4041
194 Au/PVP 0.03 >99 (ALLYL-OH) 42,43
200 Auzs(SR)1s 0.07 >99 (ALLYL-OH) 24
21 Auzs(SR)18/Fe203  0.07 >99 (ALLYL-OH) 44
2214 Au2s(SR)18/TiO2  0.07 >99 (ALLYL-OH) 44

H2-ALD: Saturated aldehydes, and ALLYL-OH: allylic alcohol. [ Hydrogenation of acrolein; [
Hydrogenation of crotonaldehyde; [ Hydrogenation of cinnamaldehyde; [ Hydrogenation of a

large scope of a,B-unsaturated carbonyl compounds.

The selectivity in the hydrogenation of a,B-unsaturated carbonyl
compounds is also affected by the catalyst size because the stronger
dependence of the C=0 hydrogenation rate is observed on clusters size when
compared to the C=C hydrogenation rate.®>* The C=0 adsorption is favored

over C=C adsorption on AuNPs smaller than 2.0 nm since it exhibited an
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enhanced m-back-bonding. The distinct coordination modes of a,B-
unsaturated carbonyl compounds on Au and Pt-based catalysts are
suggested to be the reason for the different selectivity.?® Interestingly, when
Pt is deposited on AuNPs, the activity is enhanced whereas the
chemoselective is unaffected. This fact is observed because Pt sites are
responsible for the dissociative activation of Hz while the Au sites for the
adsorption-activation of the substrate.3!

The “surface adsorption” is also the cause of the high selectivity of Au
for catalyzing the epoxidation of alkenes using O2. Au-surface produced the
dissociative chemisorption of Oz with the advantage of not strongly perturbs
the molecular structure of weakly adsorbed organic molecules and catalyzes
the selective epoxidation of olefins, whereas platinum group metals produced
the combustion of these compounds (carbon dioxide and water).*®
Furthermore, in some cases, the support can participate during the
approaching of the substrate to the Au-surface. For instance, experimental
and theoretical evidence reveal energetically and geometrically favored
adsorption modes of substrates on TiO2 and on the interface between AuNPs
and TiO2 support in the selective hydrogenation of a,B-unsaturated nitro
compounds by Au/TiO2.4647 Such preferential adsorption is not observed with
nanoparticles of Au/SiO2.4647

Section S2.

Literature discussion: Mechanism and Kinetics of AuNPs

Hydrogenations.

Table S4 displays the elementary steps for the hydrogenation reaction
catalyzed by metallic surfaces according to Langmuir-Hinshelwood
kinetics.334850 Au-particles, in contrast to group 8-10 metals, exhibit unique
properties, i.e., the increasing capacity of Hz dissociation and Hz uptake as
temperature increases because its dissociation over AuNPs is activated.®! H2
adsorption is limited by kinetic factors at moderate temperature (ca. between
298-373 K) and two kinetic scenarios are possible: (a) low concentration of
adsorbed H because the H2 dissociation is limited, and (b) H2 dissociation
favored and high concentration of adsorbed atomic H.*®
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Table S4. Elementary steps for hydrogenation reaction catalyzed by metallic

surfaces according to Langmuir-Hinshelwood kinetics.

. ksus ksus
(I) Adsorption of substatre: Substrate + * —= Substrate* Ksug = ~
ksug™! ksus
. . Ktiz _ Kz
(1) Adsorption of dihydrogen: Hy + 2 * —= 2 H* Ky = —~
Krz" Knz
() Surface reaction: Substrate* + 2 H*ﬁi Product-Hy,* + 2 *
. k _ kero
(IV) Desorption of product: Product-H,* ZPRQ ProductH, + * Kpro= ~
~ kpro
kPRO
RDS Model Linearised Form
Substrate
q i ksug - [SUB] 1 o
aasorpton r= r'=a-P +b
g 1+ (Kypp - Pig) "™ "
Dihydrogen
_ Kz - Ph2
adsorption r= r=a-Py
1+ (Ksus " [SUB])?
Surface reaction
(competitive ksr - Ksup " [SUB] - Kiyp - Pyyp
. r= - (Pain) P =a Py, V2 +b
adsorption) (1 + (Ksug - [SUB]) + (K2 - Pii2) ™)

Surface reaction

) ksr - Ksug " [SUB] - Ky - P

(independent r= r2=a-p, "2 +p
(1+ (Ksyg * [SUB])) + (1 +(Kiyp - Ppp)"?)?

adsorption)

The rate-determining step (RDS) for hydrogenations is proposed to be
the dissociative adsorption of Hz by the following evidence: (a) H-2
chemisorption, performed between 25 and 250 °C5! and (b) by results of
selective hydrogenation of crotonaldehyde carried out at 120 °C.?®> Some
examples of apparent order of reaction and apparent activation energy (Ea-app)
for hydrogenations reported in the literature are: (a) for Au/Al203 between 170
and 260 °C, Eaapp of 36 kJ mol™ and 1 and O are the orders in H2 and
butadiene, respectively;®? (b) for Au/Al203 between 45 and 90 °C, Ea-app 0f 50

kJ mol™ and 0.7 and 0 are the orders in H2 and butadiene, respectively;> (c)
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for Au/Al203 between 65 and 120 °C, Ea-app of 34 kJ mol™ and 0.4 and O are
the orders in H2 and acetylene, respectively;>* (d) for Au/SiO2 between 150
and 250 °C and 1.1 and 0 are the orders in H2 and acetylene, respectively;>®
and (e) for Au/CeO:2 between 50 and 300 °C 1.0 and O are the orders in H2
and acetylene, respectively.>®

The poor catalytic activity and high selectivity in the Au-catalyzed
hydrogenations are well documented since a long time ago.>°’ Low activities
in the cyclohexene hydrogenation are owing to the low-frequency factor of
catalytic active species on the Au-surface (ca. insufficient activation of the
adsorbed olefin molecule and the concentration of adsorbed H atoms is
extremely small) and not because the activation energy it is high.%® This fact is
due to the lack of a partially filled d-band at the usual temperatures and its
consequent inability to chemisorb/activate simple molecules.5>57

Kinetic studies using Hz2 and deuterium (D2) in the hydrogenation of
cyclohexene to cyclohexane and the disproportionation of cyclohexene into
cyclohexane and benzene catalyzed by Au-surfaces revealed interesting
details about the mechanism.>® The H: pressure and reaction temperature
influence the course of the reaction by the control of the relative proportions of
the adsorbed olefin species on the Au-surface since it was observed a
minuscule quantity of H2 or D2 chemisorbed.®® The Au-surface can
catalytically activate olefins (ca. cyclohexene) although it has no influence on
saturated hydrocarbons (ca. cyclohexane) and unsaturated (ca. benzene) is
weakly chemisorbed.®® The formation of cyclohexane-do and benzene-do
suggests the occurrence of self-hydrogenation by the direct transfer of H
atoms between hydrocarbon species on the catalyst surface or through
chemisorbed H atoms on Au-surface (ca. very unlikely due to the low H
concentration on Au-surfaces).>® This is an important side-process during the
addition of D2 or chemisorbed D atoms.®® Similar behavior (only Hz formed
and no HD) was observed in the decomposition of HCOOH in the presence of
D.60

The RDS for hydrogenations is shifted to the surface reaction by the
use of additives or modifiers, which facilitate the dissociative adsorption of Ho.
For instance, an addition of Pt to AUNPs/SIO2 shifted the concentration of the
surface species, and the RDS is determined to be the surface reaction
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between the independently adsorbed substrate molecules and H atoms on
active sites of different nature.3® Another possibility is the involvement of the
ionic hydrogenation mechanism, in which Hz ligands directly produce the
proton transfer to the substrate with the formation of carbocations and the
following hydride transfer from the metal hydride.® For organometallic
complexes, there are literature examples of the ionic hydrogenation in the

reduction of sterically hindered olefins®%63, ketones®+¢> and imines®®.

Section S3.
Literature discussion: Hydrogen Activation and Formation of Au-
hydrides in AuNPs.

Theoretical and experimental evidence suggested that H2 can be
dissociated almost without additional energy by the simultaneous interaction
of one low coordinated Au atom (at the edge of a NP or into an extended line
defect) with the two hydrogen atoms of Hz. After dissociation, the two H atoms
are in bridge positions sharing the low coordinated Au-atom without inducing
any significant deformation of the Au-Au distances.>%67-72 The activation of Hz
was evaluated by carrying out the H-D exchange reaction with distinct
Au/inorganic oxide (Al203 and TiO2) support catalysts.51:57.73.74 Sjze effect was
ascribed to the higher fraction of low coordinated Au atoms present in smaller
AuNPs.5157 As temperature increased two effects were observed: (a) the
dissociation of H2 being activated on Au and (b) increase of the rate constant
for the recombination of H and D atoms.>! At low temperatures (298 K), low
HD:H/Au ratios are obtained, and with the increase of the temperature the
recombination rate becomes faster and, thus, HD:H/Au ratios also
increases.®> By considering thermodynamics, the temperature effect is
unexpected since for Pt group metals higher temperatures favor the H:
desorption and the reduction of the H/M ratio. Interestingly, the H/Au ratio is
maintained due to the kinetic factors, i.e., higher temperatures facilitate the Hz
dissociation on AuNPs and H/Au ratio reaches the maximum at a certain
temperature.>> The hydrogen-Au interaction is weaker than hydrogen-Pt
since: (a) to obtain the same apparent hydrogen Au coverage requires higher
pressure than Pt, (b) the fraction of strongly adsorbed hydrogen is lower for
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Au than for Pt particles, and (c) the H-induced effect in the XANES Ls2 edges
is smaller for Au than for Pt.5! Therefore, in contrast to the Pt group metals,
the adsorption process is not in thermodynamic equilibrium and the
determination of the strength of the hydrogen-Au interaction by calculating the
adsorption equilibrium constants is not possible.>!

The involvement of breaking/formation C-H bond and the formation of
Au-H as catalytically active species in the RDS of the reaction mechanism of
the following processes is proposed due to the primary kinetic isotopic effect
(KIE, Ku/Kp): (a) 1.7-2.0 for aerobic oxidation of alcohols catalyzed by
Au/CeOz2;> (b) 1.6 for NaBH4/NaBD4 transfer hydrogenation reduction of
nitroarenes catalyzed by Au/TiO2;’® and (c) 1.5 for NaBHs4 transfer
hydrogenation reduction of nitroarenes catalyzed by Au/TiO2 in the presence
of CO/H20/D20 mixtures.’”

Alternative Hz activation pathways by the collaboration of the AuNPs
with additives/support/substrate/solvent have been proposed.®! This subject is
presented in the below section.

Section S4.

Literature discussion: Size Effect on Catalytic Performance of AuNPs.

XRD pattern of the fcc gold lattice displays five characteristic peaks at
20 = 38.1, 44.2, 64.6, 77.5, and 81.4° corresponding to the (111), (200),
(220), (311), and (222) planes, respectively.”® XRD pattern of the fcc AuNPs
shows broad bands for the (111) and (200) reflections indicating that the size
of the particles is in the nanometer range.’® In the literature, the distribution of
the atoms of the AuNPs is calculated using the truncated icosahedron model
proposed by Van Hardefeld and Hartog. Using this model, the number total
atoms (Nt), number surface atoms (Ns) and the number of atoms in planes (A
and B, coordination number = 9 and 8, respectively), edges (C and D,
coordination number = 7) and corners (E, coordination number = 6) is
elucidated.®%-83 The reduction of the particle size conducts to the formation of
particles with a lower fraction of atoms with high coordination number (planes
A and B) and a higher fraction of low coordination number (edges C and D,
and corner E).
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Figure S1. Truncated icosahedrons model of the fcc AuNPs suggested by

Van Hardefeld and Hartog.8%-83

Improvement of the hydrogenation activity and selectivity is observed
by reducing the particle size to the nanometric scale.l”.23-253469.84 Thjs effect
is explained regarding geometric and electronic factors. Smaller NPs with low
coordination numbers (edges C and D, and corner E) and more electron
deficient Au(0)-atoms facilitate the H2 activation’>’? and enhance the
substrate/product discrimination by differences in their binding energies.*58587
XPS studies of AuNPs show that the binding energies of the bulk Au® are
shifted to higher binding energies (Au4f72 from 83.8 to 84.3 eV) and become
more positive as the AuNPs size decreases.?68%91 Therefore, size affects
activity and selectivity of the AuNPs between parallel subtract/product
adsorption pathways.* Thermodynamic analysis of NP size effect on reaction
kinetics reveals that size variations produce many drastic changes in the
selectivity of consecutive reactions than in the selectivity of parallel
reactions.*

Particle sizes smaller than 2 nm are considered the most suitable
because there is a combination of two factors: (a) higher fraction of low-
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coordinated Au atoms®29 and (b) electronic effects caused by the
nanoconfinement.®*% Other reason for the improved catalytic performance is
the fact that some substrates/products (nitrobenzene) exclusively
adsorbs/reacts in the low coordination sites (steps and corners) of AuNPs.86
Ultrasmall Auzs, Auss, Auss and Aui4s nanoclusters (mean diameter inferior to
1.6 nm) exhibited impressive catalytic performances due to the combination of
dissociative chemisorptions of small molecules (H2 and Oz) necessary for
triggering the subsequent catalytic chemistry and interaction with the
substrate in a particular manner to attain unexpected high selectivities.19:44.96-
102 Smaller Au nanoclusters display larger gap between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
(no band gap (Eg) observed for Aui44 and Eg of 1.3 and 0.9 eV for Auzs and

Auss, respectively), and then, higher levels of non-metallic character.®®

Section S5.
Literature discussion: Support Effect on Catalytic Performance of
AUNPs.

Inorganic oxide supports are reported to affect also the electronic
properties of the AuNPs and thus their catalytic properties by withdrawing
(Au/Al203) or donating (Au/TiOz2) electron density.100.103.104 The support has a
significant influence in the Au-reduction treatment required, and thus, in their
catalytic activity. For instance, the poor activity of Au/Al2Os respect to
Au/CeO2 and Au/TiO2 has been ascribed to the poor reducibility of the Au(lll)
precursor in Al203.1%° The structure of the inorganic oxides could be affected
during the reduction treatment under Hz atmosphere.'%® For instance, EPR
analysis revealed the existence of electron donating paramagnetic defects (F-
centers), which are trapped in an oxygen vacancy within the ZrO2 support. It
was also reported the reduction in hydrogen of the support atoms for
reducible inorganic oxides (creation of oxygen vacancies and partial Ti(IV)
reduction to Ti(lll) of TiO2 and Ce(IV) to Ce(lll) reduction Ce02).??24107 This
reactivity of the support during the reduction treatment affects the catalytic
performance. For instance, in the selective hydrogenation of a,B-unsaturated

carbonyl compounds catalyzed by Au onto distinct Fe-based supports, the
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a,B-unsaturated alcohol selectivity increases with the reducibility of the
support (FeO(OH) > y-Fe203 > a-Fe203). This behavior is explained by the
favored back-bonding to the 1+ C=0O orbital by the electron-enriched Au
particles formed by electron transfers from the reduced support to the
metal.®637 |t was proposed that the support is non-innocent spectator during
the hydrogenation reaction since it actively participates in the substrate
adsorption (nitro vs. olefinic group selective hydrogenation catalyzed by
AU/TiO2% and m-nitroaniline vs. m-phenylenediamine selective hydrogenation
catalyzed by Au onto TiO2, Fe20s, CeO2, and Al203'%%) or in the H:
dissociation.18113 The ability of the support to help in the heterolytic
dissociation of Hz has a direct dependence on the catalyst activity and an
indirect dependence with the particle size (Au/Al203 displays higher size
dependence and inferior ability to help in the H2 dissociation than
AU/TiOZ).111’114'116

Section S6.
Literature discussion: Additive Effect on Catalytic Performance of
AUNPs.

The presence of chlorine (commonly from the Au-precursor, HAuCls)
was found detrimental for selective hydrogenation of butadiene.® Additives
contribute in various ways for the enhancement of the catalytic performance.
One way, is the increased stabilization of the Au-nanostructure provided by
polymers (poly-vinyl-alcohol (PVA)3? poly-vinyl-pyrrolidone (PVP)!%19), ionic
liquids (ILs) (imidazolium salts)!>16.117 highly coordinating organic molecules
with basic centers (S-donort®44.96-99.101,102 " N-donor®2°118 P-donor4?41.9% and
NHC19.120) "solvents (DMF'?1 and THF*%41) or even substrates (N-donor such
as imines, nitriles and quinolines'??1?4), These molecules are involved in the
catalytic process by improving the selectivity by blocking active sites
responsible for undesired reactions#+98.99.101102 and enhancing the catalytic
activity helping in the H2 dissociation by formation of Frustrated Lewis Pairs
like species (AuNPs acts as Lewis Acid and the organic molecule acts as
Lewis Base).40:41.122-124 The use of Frustrated Lewis Pairs and their reactivity

with Hz is receiving an increasing interest in the recent literature since the
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activation small molecules could be tuned by using the appropriate pair.*?®> For
instance, the use of K* as additive in the propanol synthesis from CO2, CzHa,
and Hz inhibits the COz2 reduction to CO on the AuNPs because K* binds COz2
stronger and modifies the coordination mode to the AuNPs (ca. Frustrated
Lewis Pairs are formed by AuNPs acting as Lewis Base and K* acting as
Lewis Acid).??® Other example is the transfer hydrogenation of acetophenone
catalyzed by cationic ruthenium(ll) complexes ([Ru]?*) in the presence of
citrate caped gold nanoparticles (AuNPs™), where the formation of
supramolecular species by non-covalent interaction of [Ru]?* and AUNPs™ has
been proposed to be the explanation of the enhanced -catalytic
performance.'?’ Hz activation by formation of Frustrated Lewis Pairs like
species is also the plausible explanation by the facilitated H2 activation by the

inorganic oxides supports.108-112

(a) LEWIS BASE (B) ADDITIVE (b) LEWIS ACID (A) ADDITIVE

A

‘\j_‘(. :{}}57 -’fé/; %
O\M,O‘M,O‘MJQ?'- ~M,O\M,O‘M,O‘M,O O‘M’
INORGANIC OXIDE SUPPORT INORGANIC OXIDE SUPPORT

Figure S2. Proposed reactivity of H2 and CO2 with Frustrated Lewis Pairs
formed by the combination of AUNPs and: (a) Lewis Base (B), and (b) Lewis
Acid (A).

However, when coordinating molecules are present in the reaction
media (solvent, substrates or ligands), the leaching from the AuNPs surface of
complexes or subnanometric species and their further involvement as
catalytically active species should be not excluded. For instance, NaCN
treatment produces the restructuration of the AuNPs and the formation
subnanometric clusters, with the consequent enhancement of the catalytic
performance.®'?l The involvement of dimeric Au hydride complexes as
reaction intermediates in the hydrogenative silylation of alcohols was recently

demonstrated.1?812° The activity reported in the hydrogenation of butadiene
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using isolated Au atoms was also reported.’814130 Selective hydrogenation of
acetylene catalyzed by Au/CeO:2 with a oxygen pre-treatment produced more
active catalysts than the treatment in hydrogen.? Inelastic neutron scattering
of AuNPs/CeO: revealed the formation/breaking of bridging hydroxyl groups
by either hydrogen treatment or treatment with oxygen source (ca. carbon
dioxide (COz2) or oxygen (02)).197 The exposition of the catalysts to oxygen
(O2) and carbon monoxide (CO) has been demonstrated to switch the
reaction selectivity between hydrogenation and epoxidation of propene over
AU/TiOz catalysts.'31:132 The preferential oxidation (PROX) of CO with Oz is a
treatment to reduce the CO levels (less than 10 ppm) and purify the hydrogen
catalyzed by AuNPs, and this reaction proceeds with higher activity and
selectivity in the presence of sufficient surface water (H20) because if water is
absent the catalysts is forced to oxidize Hz to generate the protons.'33

In the selective hydrogenation of 1,3-butadinene, the effect in the
catalytic performance of the treatment of the Au/ZrOz with H20 is positive
(1,3-butadiene conversion is 10-fold increased for the system treated with
water) and with Oz is negative (drastic deactivation).* In contrast, the 1,3-
butadiene conversion produced by Au/Al2O3 (a catalyst with low tendency to
create oxygen vacancy) was reduced in the presence of low water
concentration because the competitive adsorption with the substrate to the

sites neighboring hydrogen.134

Section S7.
Results Discussion: Synthesis and Characterization of the Au-

nanocatalysts.

13C CP-MAS NMR analysis was performed to identify the characteristic
signals of the immobilized ILs (Table S5 and Figure S3). The signals
observed at 12, 19, 32 and 50 ppm are related to the butyl chain substituent
of the imidazolium ring whereas the signals at 11, 25 and 52 ppm are
assigned to the propyl chain that connects the silicon atom to the imidazolium
ring. Signals at 123 and 135 ppm are ascribed to the three imidazolium
carbon atoms.'3® The absence of any further carbon peak confirmed the
presence of unreacted Si-C bonds, even under the acidic reaction conditions.
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Table S5. 3C CP-MAS NMR spectra data of the Au/y-Al203, Au/B1 and
Au/B2 catalysts.

6/ ppm
(P1) (P2) (P3) (P4) (P5) (P6),(P7) (P8) (P9) (P10)

Support

Au/y-AlO3 — — — — — —
Au/B1 11.2 19.0 32.1 49.3 136.2 1226 519 251 11.2

Au/B2 10.7 18.8 31.8 49.8 1354 122.8 52.3 25.0 10.7

5( OH
-~ /

2]
> HO ®10) (P8 o (p5) (pay (P2)
S0 N

Z P (P3) (P1)

\\< oH |l

(PE)

~/A1—OH @ ) X=C,  AuB1
. X X =NTf, AwB2

(P2) (P6),(PT)
®3) |e1)P10) COEH C ey o)
(P8),(P4)
(P6),(P7)
(P5) &U
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ol ppm ol ppm
(@) (b)

Figure S3. 13C CP-MAS NMR spectra of the a) Au/B1 and b) Au/B2 catalysts.

The 2°Si CP-MAS NMR analysis is used to clarify the effect of the
anion exchange step and also to estimate the IL dispersion onto surface
supports. Signals at —-46 and -55 ppm attributed to T* (RSi(OAI)(OH)2) and T2
(RSI(OAI)(OSI)(OH)) species are observed for Au/B1 and Au/B2 catalysts
with ratios of 40:60 for both cases (Table S6 and Figure S4). After CI™-
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exchange, it is not observed in the catalysts Au/B2 the appearance of the
third signal at -65 ppm assigned to the T2 (RSi(OAI)(OSi)2) species. These

facts are of crucial importance since they suggest the presence of a

homogeneous and well-dispersed IL layer onto supports, which can provide

efficient stabilization for MNPs. Similar quantification of the T, T? and T3

species was carried out in the immobilization of functionalized imidazolium IL

onto SiO2 used for stabilization of RuNPs.136

Table S6. 2°Si CP-MAS NMR spectra data of the Au/y-Al203, Au/B1 and

Au/B2 catalysts.

Tl TZ T3
Support
o/ ppm (Area/ %) o/ ppm (Area/ %) &/ ppm (Area/ %)
Au/y-Al203 — — —
Au/B1 - 46 (44) - 55 (56) —
Au/B2 - 46 (42) - 55 (58) —

Jaava A v\l

T T2
\ T

0O 20 40 60 -80 -100 O -20 -40 -60 -80 -100
o/ ppm d/ ppm
(a) (b)

Figure S4. 2°Si CP-MAS NMR spectra of the a) Au/B1 and

catalysts.

b) Au/B2
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The FT-IR analysis of the catalysts reveal the characteristic bands of
the ILs present on IL-hybrid/aluminas (Table S7 and Figure S5). The signals
at 1640 and 3460 cm™ are assigned to the vibrations of the H20 molecules
adsorbed on catalysts. The characteristic bands about the stretching C-H of
the imidazolium ring are observed at 3150 cm™ and to the C-H of the alkyl
groups at 1465, 2880, 2940, and 2970 cm™. The band at 1570 cm™ is the
characteristic stretching frequency of the C=N and C=C bonds present in the

imidazolium ring.

Transmittance / a.u.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’'

(@)

Transmittance / a.u.
Transmittance / a.u

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cmi™ Wavenumber | cmi™

(b) (€)
Figure S5. FT-IR spectra of the a) Au/y-Al203, b) Au/B1 and c) Au/B2

catalysts.
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Table S7. FT-IR spectra data of the Au/y-Al203, Au/B1 and Au/B2 catalysts.

Wavenumber/ cm™1

Attribution
Au/y-Al203 Au/B1 Au/B2

v (OH) 3460 3460 3480
v (=C-H) — 3150 3157
Vas (C-H)? — 2966 2970
Vas (C-H)P — 2939 2941
v (C-H) — 2879 2887
0 (H-O-H) 1639 1643 1636
v (C=N) — 1571 1566
v (C=C) — 1571 1566
0 (CH2) — 1471 1467
Vas (SO2) — — 1352
Vas (SO2) — — 1331
Vas (CF3) — — 1204
Vas (Si-O-Si)L — 1170 —
Vas (Si-O-Si)t — 1091 1095
Vv (S-N-S) — — 1064

2 putyl chain; ® propyl chain.
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Binding Energy | eV Binding Energy |/ eV

(a) (b)
Figure S6. XPS measurements at Au valence band regions for the Au/y-
Al203, Au/B1 and Au/B2 catalysts.

Table S8. Composition vs. surface compositions of the Au/Al203, Au/B1 and

Au/B2 catalysts.

IL/Aul@ Surface IL/AuUP!  Al,Os/Aul®  Surface Al203/Aul®
E. Catalyst

(mol:mol)  (mol:mol) (mol:mol)  (mol:mol)
1 Au/ly-Al0s - - 568:1 2.8:1
2 Au/Bl 22:1 1:10 568:1 1.4:1
3 Au/B2 21:1 1:7 604:1 2.0:1

[a Composition calculated from the metal content and ionic liquid content values determined
by XRF and CHN Elemental Analysis, respectively; 1 Surface composition calculated on
basis of the Au 4f, N 1s and Si 2p measured by XPS; [¢l Surface composition calculated on
the basis of the Au 4f, Al 2p and O 1s measured by XPS.
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Figure S7. XPS (a) at the long scan region of the B1 and B2 supports, high
resolution at ClI 2p region of the (b) B1 support and (c) B2 support, and (d) at
the long scan region of the Au/Al203, Au/B1 and Au/B2 catalysts.
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Figure S8. XPS measurements at Cl and F regions for the (a) B1, (b) B2
supports and (c) Au/B1 and (d) Au/B2 catalysts.
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Section 8.

Results Discussion: Hydrogenation and Disproportionation of 1,3-

Cyclohexadiene Catalyzed by AuNPs Under Hz or D2 atmosphere.

It is demonstrated that the IL layer influences the catalytic performance
of the 1,3-cyclohexadiene hydrogenation by improving the product selectivity
and by decreasing the catalytic activity (Table 2). The Au/B1 and Au/B2
catalysts required much higher hydrogen pressures and temperature
pressures than Au/y-Al203 catalyst once the IL layers are surrounding the
AuNPs. The controlling of the access of the reagents to the Au-surface by the
IL layer avoids their interaction with the Al2O3 (the interaction that facilitates
the H: activation). The ability of the support to help in the heterolytic
dissociation of H2 has a direct dependence on the catalyst activity and an

indirect dependence with the particle size.111.114-116

Table S9. Hydrogenation and disproportionation of 1,3-cyclohexadiene under
H2 or D2 atmosphere catalyzed by AuNPs.

Au-catalyst
n-hexane, 100 °C

1 25 bar H2 or D)

2-do/ 2-d2%?%/  2-d2b4 3-do/ 4/  4-da/ TOFY
Entryl2bl  Catalyst

% % % % % % min~!
1 Au/y-Al20s 89 — — 1 10 — 6.9
21 Au/y-Al2Os 1 72 18 1 — 8 6.1
3 Au/B1 93 — — 2 5 — 3.2
4ld] Au/B1 3 74 16 3 — 4 0.7
5 Au/B2 96 — — 2 2 — 4.1
6l Au/B2 2 80 15 2 — 1 1.1

la] Reaction conditions: Au (0.5 pmol), 1,3-cyclohexadiene/Au = 250, n-hexane (5 mL), 25 bar
H2 or D2, 100 °C and 250 rpm; ! Conversion and selectivity at conversions >99% determined
by GC analysis; [ TOF defined as mol substrate converted/(mol Au surface x minute)
calculated from the slope of plots of TON vs. time at low substrate conversions;37 [ D,

instead of Ha.
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Figure S9. 2H NMR (D20) spectra of the reaction products formed by

hydrogenation of the 1,3-cyclohexadiene with D2 catalyzed by (a) Au/y-Al2Os3,

(b) Au/B1 and (c) Au/B2 catalysts.
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Section S9.

Results Discussion: Selective Hydrogenations Catalyzed by Au/B2.

Table S10. Selective hydrogenation of 1,3-dienes, alkenes conjugated with an
arene system, internal aliphatic alkynes and a,B-unsaturated carbonyl

compounds catalyzed by Au/B2 under optimized reaction conditions.

b Conversion/ Products TOFLcl/
Entryl®® Substrate o'y (Selectivity/ %) min-1

>99 [16] O © O 4.1

) O
6(98) T2

N I N
>99 [10] 9(52) 10(33) 11(12) 12(3) ©°

0O

Ao o

>99 [16] 3.5

13 14 (27) 15(15) 16 (58)

>99 [30] )\( )W/ 1.3

18 (29) 19 (71)

21(76)  22(22) 23(2)

SRS

79 [30] Q_\ 0.9

7
24 25 (>99)

8 o 500 [16] A N 2.9
26 .

27(27) 28 (73)
i |

9 A~ g [24] /\) /v 18

29 30(95) 31(5)

S124



Table S10. (cont.)

0]
[
10 NS g4 [30] Ph/\) th) 1.0
32 33(>99) 34 (<1)
0 OH
11 >99 [24] ij @ O 2.1
35 36 ( 96) 37 (2 38 2)
0
., e Y ij
39 40 (>99)

lal Reaction conditions: Au (0.5 pumol), substrate/Au = 250, 5 mL of solvent (n-hexane for

dienes and alkynes, and m-xylene for a,B-unsaturated carbonyl compounds), 25 bar Hz, 100

°C and 250 rpm; [l Selectivity determined at conversions >99% by GC analysis; [©l TOF = mol

substrate converted/(mol Au surface x minute) calculated from the slope of plots of TON vs.

time at low substrate conversions.
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Figure S10. Selective hydrogenation of the (a) 1,3-cyclohexadiene; 1,3-
cyclooctadiene; (b) 1,3-butadiene; 2-methyl-1,3-
butadiene; 2,3-dimethyl-1,3-butadiene; 2-pentyne and (c) crotonaldehyde; t-
cinnamaldehyde,;

a-terpinene: styrene,

2-cyclohexenone; 2-methyl-2-cyclohexenone by Au/B2

catalyst under optimized reaction conditions.
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Section S10.

Results Discussion: Kinetic Experiments on the 1,3-Cyclooctadiene
Hydrogenation under H2 atmosphere catalyzed by AuNPs.
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Figure S11. Reaction rate dependence on substrate concentrations at

hydrogen pressures: (a) 10 bar, (b) 15 bar, (c) 20 bar, (d) 25 bar and (e) 30
bar.
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Figure S12. Reaction rate logarithm dependence on substrate concentrations
at hydrogen pressures: (a) 10 bar, (b) 15 bar, (c) 20 bar, (d) 25 bar and (e) 30

bar.
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Figure S13. Reaction rate logarithm dependence on hydrogen pressure at

initial 1,3-cyclooctadiene concentrations: (a) 0.0125 mol L™, (b) 0.025 mol
L™, (c) 0.050 mol L™ and (d) 0.100 mol L™.
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Figure S14. Reaction rate dependence on substrate concentrations at
temperatures: (a) 50 °C, (b) 75 °C, (c) 100 °C, (d) 125 °C and (e) 150 °C.

We proposed that according to Scheme 4, the substrate 1,3-
cyclooctadiene (5) interacts with the AuNPs surface to form the adsorbed
species which reacts with Hz to form the m-allyl intermediate and the final
product cyclooctene (6). Thus, ki and ks are the kinetic constants for
adsorption and k-1 and k-4 the kinetic constants for desorption of the substrate

and product, respectively and k2 and ks the surface rate constants (combined

SI30



into kr).The RDS is the H2 and substrate competitive adsorption/activation on

the same active sites:

5*

n-allyl*

ka

rallylt —» 6

K4

- 6 -
K
ot
Ka= k% - [(E‘»??*]

_ — o kK151
r= ks [n-allyl] = kKo [5'] = — K5+ K6l (Eq. S1)

In this case, it is assumed that six is not adsorbed on the AuNPs
surface in a kinetically significant amount and, thus, [6] >>> [6*] leading to K4

— 0 and the following surface mass balance:

[lo =[5+

The total surface area of NPs normalized to the unit volume of the

reaction medium ([*]o) is 0.93 m? L™ and the rate of the reaction expressed
by:

kK, [5][*
r=k. [5% = #1][[5]]0 (Eq. S2)
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with ks and Kz combined into k- as the overall surface reaction and

intermediate adsorption.

Table S11. Kinetic parameters (kr and K1) in the selective hydrogenation of

the 1,3-cyclooctadiene by Au/B2 catalyst at different pressures.

Entryl@ P2/ bar kiP€l/ mol m=2 h™? K1/ L mol™?
1 10 0.052 1.58
2 15 0.045 3.99
3 20 0.058 3.54
4 25 0.053 3.87
5 30 0.052 4.00

[a] Reaction conditions: Au (0.5 umol), 1,3-cyclohexadiene/Au = 250, n-hexane (5 mL), 100 °C
and 250 rpm; [Pl Rate constant normalized to the total surface area of the nanoparticles per

unit of volume; €l Determined by mathematical non-linear fitting of the experimental data.

Table S12. Kinetic parameters (k- and K1) in the selective hydrogenation of

the 1,3-cyclooctadiene by Au/B2 catalyst at various temperatures.

Entry® T/ °C k<) mol m=2 h~1 K1/ L mol™?
1 50 0.014 4.57
2 75 0.038 3.13
3 100 0.058 3.54
4 125 0.068 3.81
5 150 0.081 3.61

la] Reaction conditions: Au (0.5 pmol), 1,3-cyclohexadiene/Au = 250, n-hexane (5 mL), 20 bar
H2 and 250 rpm; [’ Rate constant normalized to the total surface area of the nanoparticles per

unit of volume; [© Determined by mathematical non-linear fitting of the experimental data.
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