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An efficient heterogeneous silver-catalyzed α-alkylation of
nitriles and oxindoles using alcohols via borrowing hydrogen
strategy has been developed for the first time. The active
nanostructured material, namely [Ag/Mg4Al-LDH], composed by
silver nanoparticles (3-4 nm average particle size) homogene-
ously stabilized onto a [Mg4Al-LDH] support with suitable
Brønsted basic properties, constitutes a stable catalyst for the
sustainable building of novel C� C bonds from alcohols and C-
nucleophiles. By applying this catalyst, a broad range of α-
functionalized nitriles and oxindoles has been accessed with
good to excellent isolated yields and without the addition of
external bases. Moreover, the novel silver nanocatalyst has also

demonstrated its successful application to the cyclization of N-
[2-(hydroxymethyl)phenyl]-2-phenylacetamides to afford 3-aryl-
quinolin-2(1H)-ones, through a one-pot dehydrogenation and
intramolecular α-alkylation. Control experiments, kinetic studies,
and characterization data of a variety of [Ag/LDH]-type
materials confirmed the silver role in the dehydrogenation and
hydrogenation steps, while [Mg4Al-LDH] matrix is able to
catalyze condensation. Interestingly, these studies suggest as
key point for the successful activity of [Ag/Mg4Al-LDH], in
comparison with other [Ag/LDH]-type nanocatalysts, the suit-
able acid-base properties of this material.

Introduction

The design of multifunctional nanomaterials containing cata-
lytic sites with the suitable structural features to mediate a
specific chemical transformation is the main goal of heteroge-
neous catalysis applied to sustainable synthetic chemistry.[1]

Obviously, the development of atom-efficient processes starting
from available reagents is also a highly relevant issue in modern
organic chemistry. The building of new C� C bonds is among
the most important transformations in organic chemistry. In the
last years, processes such as metal-catalyzed borrowing of
hydrogen (BH), also known as hydrogen autotransfer, in which
an alcohol is employed as electrophile have been investigated
and applied to build novel C� C bonds.[2] Advantageously, in
these reactions, water is the only by-product formed and the

use of toxic alkylating agents, such as alkyl halides, is avoided.
BH reaction involves a first step of metal-catalyzed dehydrogen-
ation of the corresponding alcohol to afford a carbonyl
compound and a metal hydride. Then, in the case of C� C bond
formation reaction, the carbonyl compound can undergo
condensation with the α-C� H position of another carbonyl
compound, nitrile or carboxylic acid derivative to afford an
olefin, commonly through the formation of a carbanion type
intermediate. Finally, the hydrogen addition from the previously
formed metal hydride to the olefin affords the product with the
novel C� C bond. From this mechanistic pathway it is possible to
deduce that the ideal catalytic system for building new C� C
bonds through this strategy needs to include a metal species
able to perform dehydrogenation/hydrogenation, as well as a
base strong enough to generate the corresponding
carbonucleophile.[2c] Hence, designing heterogeneous catalysts
including both active centers in their structure is an interesting
goal.

Among the materials with basic properties, in the last years
layered double hydroxides (LDHs) have received a special
attention due to their various applications in different fields
(catalysis, polymer science, drug delivery, etc.).[3] LDHs are a
class of laminated 2D materials with brucite [Mg(OH)2]-like
layers, in which some divalent cations have been replaced by
trivalent ones.[3a–d,g,h,4] Hence, these nanostructured solids
present positively charged sheets, whose charge is balanced by
the presence of anions in the hydrated interlayer. A general
formula of [M2+

1-xM
3+

x(OH)2]
x+(An� )x/n ·yH2O, can be defined for

LDHs where M2+ and M3+ constitute the divalent and trivalent
cations, with a similar ionic radii, and An� is the charge-balance
interlayer anion. Commonly, while M2+=Mg2+, but also Zn2+ or
Ca2+, and M3+=Al3+, An� can be either an anion of inorganic or
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organic nature, being CO3
2� , NO3

� , or OH� the most usual ones.
As a typical example, commercial hydrotalcite (HT) with the
formula [Mg6Al2(OH)16CO3 ·4H2O] is composed of Mg2+, Al3+

cations and carbonate anions in the interlayer space along with
water molecules. Structurally, each Mg2+ is coordinated with six
different OH� groups in an octahedral distribution and shares
edges with neighboring Mg2+ or Al3+ atoms to create 2D
sheets. The presence of such hydroxide layers, as well as the
intercalating anions, confers LDHs surface with special Brønsted
basic features.

Interestingly, due to the intrinsically architectural properties
of LDHs, their surface basicity can be finely modulated either by
modification of the molar ratio composition (M2+/M3+) and/or
the nature of M2+, M3+ and the exchangeable interlayer anion
(An� ).[3h,4a] Furthermore, through the well-known memory
effect,[4a] a controlled thermal treatment of LDHs at T>450 °C
produces the corresponding derived mixed metal oxides, with
Lewis basic character, which can be rehydrated with an alkaline
solution affording an LDHs with enhanced Brønsted basic
properties. Remarkably, catalytic basic centers in LDHs modu-
lated through all these ways have enabled the synthesis of
these materials with a broad range of basicity characters.

Therefore, in the last years this class of Brønsted basic solids
has received a remarkable attention due to its interesting
applications as basic matrices for stabilizing metal-grafted
cations or metal nanoparticles or nanoclusters.[3f,h] Following
this strategy, nanostructured heterogeneous systems with good
catalytic performances in a wide range of organic transforma-
tions have been designed. Moreover, in comparison with
common inorganic alkali bases, LDHs can be normally reused,
and hence, are more convenient from a sustainable perspective
and for industrial purposes.

α-Alkylated nitriles are relevant intermediates in the syn-
thesis of amides, carboxylic acids and ketones.[5] These com-
pounds constitute valuable scaffolds with wide applications in
pharmaceutical and fine-chemistry industries.[6] In addition,
oxindoles and C3-functionalized oxindoles are N-heterocyclic
compounds whose structure is found in many biologically
active molecules with medicinal applications[7] and natural
products.[7d,e,8] Hence, developing sustainable strategies for the
α-alkylation of both nitriles (pka~11–25)

[9] and oxindoles
(pka~15–25)

[9] is of interest. Traditional procedures involve the
use of toxic alkyl halides and stoichiometric amounts of strong
inorganic bases. As a consequence, selectivity problems, N- vs
C-alkylation and/or dialkylation processes, and the generation
of substantial amounts of waste are important disadvantages.[10]

Recently, catalytic α-alkylation of nitriles and oxindoles using
alcohols via BH strategy has been intensively studied as a more
environmentally benign strategy.[2c,d,f] However, most of the
reported procedures employ non-reusable homogeneous
catalysis,[11] involving sophisticated ligands and/or expensive
transition metal complexes, frequently in the presence of
stoichiometric amounts of strong bases.[12]

As a greener and more convenient alternative, heteroge-
neous catalysts have been also developed for such relevant
transformations, though in a much less extent (Scheme 1). In
fact, in the case of the α-alkylation of nitriles with alcohols, only

two examples have been reported using nanostructured solid
materials (Scheme 1a). In 2004, the group of Kaneda developed
the first heterogeneous protocol for this reaction.[13] A ruthe-
nium-grafted hydrotalcite, [Ru/HT], was presented as an
effective catalyst for this transformation, without needing
external bases. However, the necessity of using the alcohol as
solvent really hampers its practical application for complex
substrates, and a narrow substrate scope was shown. A few
years later, Corma and Sabater designed a bifunctional [Pd/
MgO] nanomaterial efficient for promoting the α-monoalkyla-
tion of phenylacetonitrile, as the only substrate studied, with a
small variety of benzyl alcohols at 180 °C.[14] In addition, no
isolated yields of the desired α-alkylated nitriles were provided
in this case.

A few more examples have been reported for the heteroge-
neously catalyzed C3 alkylation of oxindoles with alcohols via
BH strategy (Scheme 1b).[15] Pioneer examples involved the use
of Raney®-nickel in non-catalytic amounts.[16] In general, plati-

Scheme 1. Top: Heterogeneously catalyzed reported examples for α-alkyla-
tion of nitriles (a) or oxindoles (b) using alcohols via borrowing hydrogen
methodology. Bottom: [Ag/Mg4Al-LDH]-catalyzed α-alkylation of nitriles and
oxindoles with alcohols reported in this work. HT=hydrotalcite support with
a molecular formula [Mg6Al2(OH)16CO3 ·4H2O]. Ind= indene.
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num group metals (PGMs) have been involved as active metal
centers in such nanostructured catalysts (Ir, Pt or Pd), and in
some cases, these systems required the addition of an external
base (i. e. KOH) to promote enolization.[17] Additionally, substrate
scope variation for oxindole moiety was very limited in these
examples. Notably, in 2021 the group of Mitsudome developed
the only non-noble metal-based heterogeneous protocol for
this transformation.[18] Here, a wide range of C3-functionalized
oxindoles were accessed with good yields by using a [Ni2P/
CeO2] material. However, the synthesis of the active nickel-
phosphide nanocatalyst needed the use of flammable triphenyl-
phospite.

In the last years, a few examples of supported silver
nanoparticles or nanoclusters on different solid supports have
been reported as catalysts in hydrogenation[19] and
dehydrogenation[20] processes. Considering these reported
activities of Ag supported species, and LDH supports basic
properties, we became interested in studying the catalytic
application of supported silver nanoaggregates on several LDHs
matrices, for the α-alkylation of nitriles and oxindoles with
alcohols via BH strategy. Hence, in this work we report the
design of a novel silver-based multifunctional nanomaterial,
namely [Ag/Mg4Al-LDH], able to efficiently promote the α-
alkylation of nitriles and oxindoles by using alcohols via BH
strategy with water as the only byproduct. In addition, this new
nanocatalyst is able to mediate for the first time the intra-
molecular α-alkylation of amides with alcohols to afford 2-
quinolinones in a one-pot strategy.

Results and Discussion

With the aim of promoting an effective BH process between an
alcohol and a carbonucleophile, such as a nitrile or an oxindole,
we started the design of a nanomaterial with multifunctional
properties as heterogeneous catalyst. In this direction, we
selected LDH materials as suitable supports, with the required
Brønsted basic centers able to promote the enolization
step,[3h,21] and silver nanoparticles as metal centers with the
capacity to mediate dehydrogenation[20] and hydrogenation
steps.[19]

As initial point of our study, we prepared different LDH
materials via co-precipitation method at controlled pH (see
Experimental Section and SI for specific preparation details)
composed by Mg2+ and Al3+ as divalent and trivalent cations,
respectively, and with [Mg/Al] molar ratio compositions ranging
from 2 to 5 (Mg2Al-LDH, Mg3Al-LDH, Mg4Al-LDH and Mg5Al-
LDH). In addition, two more LDHs either containing Ca2+ as the
sole divalent cation, [Ca2Al-LDH], or composed by both Mg2+

and Ca2+ cations in equimolar combination, [Ca2Mg2Al-LDH],
were also synthetized for comparison purposes. In all cases,
LDHs contained carbonates as interlayer anions, except for
[Ca2Al-LDH] support that contained nitrate to avoid the
formation of calcium carbonate. For simplicity reasons, through-
out all the discussion the prepared LDHs will be named as
[MxAl-LDH] where M=Mg2+, Ca2+ or both, and x=2, 3, 4 or 5
indicates the molar composition of the divalent cation.

The synthesized materials were characterized by XRPD,
thermogravimetric analysis and 27Al MAS NMR (Figure 1, Fig-
ure S10 and S11). In addition, their composition was confirmed
by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) analysis, together with elemental analysis (Table S8).
The XRD patterns of [MgxAl-LDH] materials show characteristic
(003), (006), (012), (015), (018), (110) and (113) reflections of
rhombohedral (3R) LDH structure (Figure 1a).[21c,22] It is interest-
ing to note that LDH materials with higher Mg/Al content
present diffraction lines shifted to lower 2θ values, as a
consequence of cell expansion caused by higher Mg content.[22e]

On the other hand, [Ca2Al-LDH] presented diffraction peaks at
2θ values fitting with a [CaxAl-NO3-LDH] phase and showing the
typical (003), (006) and (110) reflections of LDH phase (Fig-
ure 1a).[21c,23] In the case of [Ca2Mg2Al-LDH] XRD, (003), (006),
(012), (110) and (113) planes characteristic of [MgAl-LDHs] as
well as (011), (022), (033) and (014) typical reflections of [CaAl-
LDHs] were observed, indicating the formation of a layered
structure consisting on both [MgAl-LDH] and [CaAl-LDH] (Fig-
ure 1a).[24] Moreover, for all the materials, d-spacing could be
calculated from the basal 2θ reflection value, (003) plane, and
resulted to present a value between 0.76–0.81 nm, correspond-
ing to the thickness of brucite layer plus the intercalated anions
and water (Table S7). Lattice parameters c and a were also
determined based on (003) and (110) reflections, respectively,
and afforded typical values for these LDH materials (Table S7).[25]

Lattice parameter a, directly related with cation-cation distance,
was significantly higher for [Ca2Al-LDH] in comparison with
[MgxAl-LDH] materials, as expected due to the larger ionic
radius of Ca2+.[21c]

Thermogravimetric analysis of [MgxAl-LDH] materials shows
a first weight loss below 227 °C corresponding to interlayer
water (Figure S10). A second peak is observed with a maximum
between 365–415 °C that can be assigned to the simultaneous
dehydroxylation and loss of carbonates.[22c] [Ca2Al-LDH] presents
a very different DTG profile with three clear loss of weights with
maximums at 96, 270 and 558 °C that can be interpreted as loss
of physisorbed water, interlayer water and a final collapse of
the structure by dehydroxylation and loss of nitrates, respec-
tively (Figure S10).[26] Similarly, [Ca2Mg2Al-LDH] also displays
three loss of weights in its DTG profile centered at 214, 380 and
740 °C (Figure S10).[24b] Finally, the LDH materials were charac-
terized by 27Al MAS NMR and all of them showed a signal at
δ~9–10 ppm corresponding to octahedrally coordinated Al (Oh),
confirming the LDH structure (Figure 1c and Figure S11).[21c,22e,27]

Then, the corresponding [Ag/LDH] materials were prepared
with a metal charge of 0.5 wt%, determined by ICP-AES. The
synthetic methodology implied a wet impregnation of the
synthetized LDH supports with an aqueous solution of silver
nitrate at 55 °C under darkness, followed by reduction under
hydrogen flow at 130 °C during 2 h with a heating ramp of
0.5 °C/min (see Experimental Section and SI for specific details).
The integrity of LDH supports was confirmed by XRD and 27Al
MAS NMR (Figure 1b and c). Interestingly, XRD patterns of the
[Ag/LDH] materials did not show significant changes with
respect to LDH supports, suggesting the presence of Ag species
of small particle size.
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To evaluate the catalytic application of the synthesized
nanocatalysts in the selective α-alkylation of nitriles with
alcohols via BH, the α-benzylation of phenylacetonitrile 1 with
3 equiv. of benzyl alcohol 2, was selected as benchmark
reaction (Table 1). Firstly, the materials were evaluated using
2.5 mol% of Ag, at 110 °C, employing mesitylene as solvent,
during 16 h and under N2. Interestingly [Ag/Mg3Al-LDH] materi-
al, containing as matrix the well-known hydrotalcite, afforded
as products 2,3-diphenylacrylonitrile 3 and 2,3-diphenylpropio-
nitrile 4, although in low yields of 6% and 8%, respectively
(Table 1, entry 1). Then, the other nanomaterials containing
different [Mg/Al] molar ratios were evaluated and, to our
delight, [Ag/Mg4Al-LDH] afforded a very high conversion with
7% yield of the unsaturated product 3 and 78% of the desired
product 4 (Table 1, entry 3), while low yields were obtained for
[Ag/Mg2Al-LDH] and [Ag/Mg5Al-LDH] (Table 1, entries 2 and 4).
It is relevant to remark that [Ag/Ca2Al-LDH] and [Ag/Ca2Mg2Al-
LDH] did not show any activity for the studied reaction (Table 1,
entry 5 and 6). These observations clearly demonstrate that the
presence of calcium as divalent cation or a Ca/Mg combination
in the LDH matrix, results detrimental for the catalytic activity.

At this point, it was interesting to explore other common
inorganic supports with diverse range of basicity, such as
magnesium spinel (MgAl2O4), hydroxyapatite (HAP), CeO2, MgO,
γ-Al2O3, Mg(OH)2 and Al(OH)3 (Table S1). However, none of these

materials resulted active for obtaining the desired product 4,
indicating the great relevance of employing a LDH matrix as a
solid support. Indeed, we also decided to explore the effect of
the corresponding LDH-derived metal mixed oxide (DO) from
[Mg4Al-LDH] as support of silver nanoparticles, as these
materials are known by their characteristic Lewis basicity. With
that aim, [Ag/Mg4Al1-DO] was prepared by calcination at 450 °C
of the parent unreduced [Ag/Mg4Al-LDH], followed by reduction
under H2 at 130 °C. The formation of the corresponding metal
mixed oxide was confirmed by XRD which showed mixed oxide
[MgAlOx] typical diffraction peaks as broad signals at 43 and 62°
2θ values (Figure S6).[4a,22e,27a] Nevertheless, this material showed
no catalytic activity (Table 1, entry 7) indicating the key role of
LDH Brønsted basic sites in this transformation.

Gratifyingly, with a small increase in reaction temperature
up to 140 °C, [Ag/Mg4Al-LDH] nanocatalyst provided much
better results affording total conversion of nitrile 1 and a
quantitative yield of saturated product 4 (Table 1, entry 8). With
this optimum reaction temperature, the influence of additional
parameters such as silver catalyst loading, reaction time and
amount of alcohol were investigated (Table 1, entries 9–11). In
all cases, the use of less catalyst amount (1.5 mol% Ag), shorter
reaction times (4 h) or minor excess of 2 (1.5 equiv.) were
detrimental for the reaction. Moreover, the solvent effect in the
catalytic performance of [Ag/Mg4Al-LDH] system was also

Figure 1. Selected characterization data of [LDH] and [Ag/LDH] nanomaterials: a) XRPD patterns of freshly prepared LDH solid supports: (A) [Mg2Al-LDH], (B)
[Mg3Al-LDH], (C) [Mg4Al-LDH]; (D) [Mg5Al-LDH]; (E) [Ca2Al-LDH]; (F) [Ca2Mg2Al-LDH]; b) XRPD patterns of freshly reduced LDH-supported silver materials at
130 °C and 0.5 °C/min: (A) [Ag/Mg2Al-LDH], (B) [Ag/Mg3Al-LDH], (C) [Ag/Mg4Al-LDH], (D) [Ag/Mg5Al-LDH], (E) [Ag/Ca2Al-LDH] and (F) [Ag/Ca2Mg2Al-LDH]; c)

27Al
MAS NMR spectra of freshly prepared (A) [Mg4Al-LDH] support and (B) [Ag/Mg4Al-LDH] material freshly reduced at 130 °C and 0.5 °C/min; d) HAADF-HRSTEM
image of freshly reduced [Ag/Mg4Al-LDH] material at 130 °C and 0.5 °C/min; e) Particle size histogram of the HAADF-HRSTEM study of [Ag/Mg4Al-LDH] material
reduced at 130 °C and 0.5 °C/min; f) Diffuse Reflectance UV-vis spectra of (A) [Mg4Al-LDH] support, (B) freshly reduced [Ag/Mg4Al-LDH] material at 130 °C and
0.5 °C/min.
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examined (Table S2). Among the different solvents tested,
mesitylene gave the best results.

In addition, both silver nanoparticles and LDH support
showed to be essential for the catalytic performance of the
material. In the absence of silver nanoparticles, only traces of
product 3 were detected (Table 1, entry 12). Moreover, no
conversion of nitrile 1 was reached performing the reaction
without [Ag/Mg4Al-LDH] material (Table 1, entry 13).

With the aim of further tuning the support properties, we
decided to explore the effect of employing a [Mg4Al-LDH]
rehydrated support in the catalytic activity of the final
material.[4a,21c,27c,28] Thus, we prepared and tested [Ag/reh-Mg4Al-
LDH] system in two different ways. On one hand, method (a)
consisted in the impregnation of silver cations using a AgNO3

aqueous solution onto a metal mixed oxide support matrix,
previously obtained from calcination of parent [Mg4Al-LDH] at
450 °C. Due to the well-known memory effect of LDHs, there is
a simultaneous impregnation of silver cations and conversion of
the derived mixed oxide into LDH. Complementarily, method
(b) implied the impregnation of silver cations onto a previously
rehydrated LDH support, obtained from calcination of [Mg4Al-
LDH] at 450 °C followed by rehydration with a NaOH 1 M
aqueous solution. XRD analysis of both materials confirmed a
LDH structure, although with a lower degree of crystallinity in
comparison with the standard material (Figure S7).[4a,29] In
addition, LDH structural integrity of both samples was also
demonstrated by 27Al NMR, since all aluminum cations are
disposed in an octahedral (Oh) conformation (Figure S13).
Unfortunately, both freshly reduced versions of the material at
130 °C, [Ag/reh-Mg4Al-LDH(a)] and [Ag/reh-Mg4Al-LDH(b)], re-
sulted much less active when compared with [Ag/Mg4Al-LDH]
system (Table 1, entry 14 and 15).

At this point, we became interested in evaluating the
catalytic activity of other metal supported nanoparticles onto
[Mg4Al-LDH] matrix. With this aim, different materials composed
by Ru, Fe, Co, Ni, Cu, Mn or Bi NPs stabilized on the optimal
LDH support were prepared and tested under the previously
optimized reaction conditions (Table S3). It should be noted
that to ensure a total reduction of the grafted metal cations
without varying the original LDH nature of the support,
chemical reduction of the materials using an excess of aqueous
NaBH4 was applied, instead of reduction under H2 flow at
130 °C. For comparison purposes, a chemically reduced [Ag/
Mg4Al-LDH] material was also prepared. Among the different
metals tested, silver showed a superior activity promoting the
formation of the saturated product 4. Under this reaction
conditions, Ru, Fe, Co, Ni, Cu, Mn or Bi metals resulted poorly
active affording mainly the α-olefinated compound 3 in
moderate to low yields (Table S3). In addition, it was shown
that reduction of silver cations employing H2 flow at 130 °C
afforded a more efficient catalyst in comparison with the one
obtained by chemical reduction with NaBH4 (Table S3, entries 8
and 9).

In order to better understand [Ag/Mg4Al-LDH] as catalytic
system, the reaction was performed under aerobic conditions
(Table 1, entry 16) or under N2 using the non-reduced material
(Table 1, entry 17). Under these conditions, poorer results were
achieved, revealing the relevance of both reduction step in the
catalyst preparation, as well as the use of anaerobic conditions
for promoting an effective alcohol dehydrogenation. Taking
into account these results, we became interested in investigat-
ing the influence of the reduction ramp employed in the
catalyst preparation in the final material. Thus, we obtained the
corresponding nanomaterials at heating ramps of 1, 2 and 4 °C/
min under H2 flow and the catalytic activity of these materials
was evaluated (Table S4 and Figure S9). From these experi-
ments, we could check that original [Ag/Mg4Al-LDH] catalyst
reduced at 0.5 °C/min, was the most active. Notably, a clear
relationship between the material activity and the reduction
ramp was observed with the material reduced at 4 °C/min being

Table 1. α-Benzylation of phenylacetonitrile 1 with benzyl alcohol 2
catalyzed by supported silver nanocatalysts.

Entry[a] [Catalyst] Conv.
(%)[b]

3 (%)[b] 4 (%)[b]

1 [Ag/Mg3Al-LDH] 15 6 8

2 [Ag/Mg2Al-LDH] 14 7 6

3 [Ag/Mg4Al-LDH] 92 7 78

4 [Ag/Mg5Al-LDH] 22 7 13

5 [Ag/Ca2Al-LDH] – – –

6 [Ag/Ca2Mg2Al-LDH] – – –

7 [Ag/Mg4Al-DO] – – –

8[c] [Ag/Mg4Al-LDH] >99 – 99

9[d] [Ag/Mg4Al-LDH] 64 19 41

10[e] [Ag/Mg4Al-LDH] 71 19 53

11[f] [Ag/Mg4Al-LDH] 73 16 48

12[c] [Mg4Al-LDH] <5 3 –

13[c] – – – –

14[c] [Ag/reh-Mg4Al-LDH(a)] 60 32 27

15[c] [Ag/reh-Mg4Al-LDH(b)] 48 27 20

16[g] [Ag/Mg4Al-LDH] 54 40 12

17[h] [Ag/Mg4Al-LDH] >99 44 50

18[i] [Ag/Mg4Al-LDH] (1
th reuse) >99 2 97

19[i] [Ag/Mg4Al-LDH] (2
nd reuse) 97 4 92

20[i] [Ag/Mg4Al-LDH] (3
th reuse) 95 10 85

[a] Standard reaction conditions: phenylacetonitrile 1 (14.5 μL,
0.125 mmol), benzyl alcohol 2 (40 μL, 0.375 mmol, 3 equiv.), freshly
reduced solid catalyst (at 130 °C, 2 h, heating ramp of 0.5 °C/min) with a
silver content of 0.5 wt% (67 mg, 2.5 mol% Ag), mesitylene (2 mL) at
110 °C under N2 during 16 h. [b] Conversion of 1 and yields of products 2
and 3 were calculated by GC using hexadecane as internal standard.
[c] Run at 140 °C. [d] Run at 140 °C using 40 mg of catalyst (1.5 mol% Ag).
[e] Run at 140 °C during 4 h. [f] Run at 140 °C and with 1.5 equiv. of benzyl
alcohol 2. [g] Run at 140 °C under air. [h] Run with non-reduced [Ag/
Mg4Al-LDH] material (67 mg, 2.5 mol% Ag). [i] Consecutive reuses of the
catalytic material performed at 140 °C (see SI for a detailed recycling
procedure), using a freshly reduced material before each new reaction
cycle.

Wiley VCH Dienstag, 05.12.2023

2323 / 314922 [S. 157/165] 1

ChemSusChem 2023, 16, e202300818 (5 of 13) © 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

ChemSusChem
Research Article
doi.org/10.1002/cssc.202300818

 1864564x, 2023, 23, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202300818 by U
niversitaet Politecnica D

e, W
iley O

nline L
ibrary on [18/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the least effective, affording 63% conversion of 1 and 49% yield
of the desired product 4 (Table S4, entry 4).

To further optimize the active nanocatalyst, we prepared
two additional [Ag/Mg4Al-LDH] systems with different silver
loadings (0.25 and 1.5 wt%). Catalytic evaluation of these
materials clearly revealed that the originally selected metal
charge (0.5 wt% Ag) resulted as the best choice (Table S5).

To complete the characterization of the [Ag/MgxAl-LDH]
materials, nitrogen adsorption-desorption isotherms were per-
formed to study the specific surface area and the pore-size
distribution (Table S9). Surface areas between 28.7–70.6 m2/g
were determined, in the usual range for this class of
materials.[22e,27c] Moreover, [Ag/Mg4Al-LDH] was examined by
high-angle annular dark-field-high-resolution scanning trans-
mission electron microscopy (HAADF-HRSTEM) and energy-
dispersive X-ray (EDX) elemental analysis (Figure 1d and e,
Figure S18). Through these techniques, it was possible to
confirm the presence of Ag nanoparticles in the [Mg4Al-LDH]
support and it could be determined an average particle size of
3.8 nm. X-Ray photoelectron spectroscopic (XPS) study demon-
strated the presence of the characteristic Ag 3d doublet with
the position of 3d5/2 peak at 368.4 eV (Figure S16).[19b,30]

However, the assignment of the corresponding Ag oxidation
state through this technique was not possible due to the
difficulty in determining the Auger parameter in such a silver
low loaded sample. With the aim of clarifying this point, DR UV-
Visible spectroscopy as well as electron paramagnetic reso-
nance (EPR) were employed for further characterization of [Ag/
Mg4Al-LDH] nanocatalyst (Figure 1f and Figure S15). Interest-
ingly, EPR spectra showed an axially symmetric signal with g
value 2.09, attributed to Ag(0) nanoparticles (Figure S15).[31] In
addition, UV-Vis spectrum has been used to identify different
Ag species, and the presence of Ag metallic nanoparticles was
demonstrated to show a band with a maximum between 400–
600 nm.[32] In the case of [Ag/Mg4Al-LDH], DR UV-Vis spectra
showed a maximum of absorption at 436 nm, which can be
assigned to metallic Ag species (Figure 1f).

Then, the heterogeneous nature of the optimal [Ag/Mg4Al-
LDH] system was verified by a hot filtration test (see SI, section
6.1 and Figure S5). Moreover, ICP-AES analysis of the reaction
mixture and [Ag/Mg4Al-LDH] nanomaterial after reaction,
revealed that no leaching of silver species takes place under the
employed reaction conditions (see SI, section 6.2). Thus, reus-
ability studies using a freshly reduced [Ag/Mg4Al-LDH] system
after each cycle were performed and, to our delight, it was
found that the nanocatalyst preserves its catalytic efficiency
even after four cycles of reaction (Table 1, entries 18–20). [Ag/
Mg4Al-LDH] material after one reaction cycle was examined by
HAADF-HRSTEM and an increase in the average Ag particle size
to 8.1 nm was measured (Figure S19). In fact, XRD patterns of
used [Ag/Mg4Al-LDH] material, both before and after reduction,
showed the (111) plane at 2θ 38.3° corresponding to metallic
Ag, as well as the typical reflections of LDH in a broader fashion,
indicating the increase in Ag particle size and some loss of
crystallinity of the support (Figure S8). XPS study of the material
after reaction showed no changes (Figure S17). Interestingly, DR
UV-Visible spectra of [Ag/Mg4Al-LDH] showed a band with a

maximum at 409 nm that confirms the presence of Ag metallic
species (Figure S14). These results indicate that the catalyst has
a considerable but, probably, limited durability. The fact that
the catalyst is active even when Ag particle size is increased can
be explained if Ag larger nanoparticles are also active until
certain point, or if the amount of Ag smaller particles is enough
to maintain the activity.

To confirm the BH mechanism and better understand our
developed catalytic system, we designed and performed several
control experiments and kinetic studies. First, we checked the
role of our catalyst in the three main steps of the BH
mechanism through a series of control experiments
(Scheme S2). It was shown that our [Ag/Mg4Al-LDH] system was
able to catalyze the initial dehydrogenation of benzyl alcohol 2
(Scheme S2a). However, in the absence of a coupling partner,
benzaldehyde 5 was obtained in low yields due to its
degradation, and an incomplete conversion of 2 was observed.
The second step involving a deprotonation to afford a nitrile
anion followed by condensation with the aldehyde, was
investigated through the reaction between phenylacetonitrile 1
and benzaldehyde 5 at 140 °C. It was demonstrated that this
step worked smoothly, even at milder conditions of 110 °C,
using as catalysts either [Ag/Mg4Al-LDH] or [Mg4Al-LDH]
(Scheme S2b and c). Finally, the transfer hydrogenation of 2,3-
diphenylacrylonitrile 3 with benzyl alcohol 2 as hydrogen donor
to afford 2,3-diphenylpropionitrile 4 was tested employing [Ag/
Mg4Al-LDH] or [Mg4Al-LDH] as catalysts (Scheme S2d and e).
Interestingly, this reaction only worked in the presence of [Ag/
Mg4Al-LDH], totally discarding a base-catalyzed Meerwein-
Ponndorf-Verley (MPV) reduction.[33]

Once the BH mechanism was confirmed, as well as the
multifunctional character of our catalyst operating in the
different steps, we decided to investigate the yield time kinetic
profile of the optimized reaction (Figure S1). It is interesting to
note that at short reaction times, benzaldehyde 5 was not
detected and unsaturated product 3 was the only detected
intermediate, although in a maximum yield of 16%. Indeed, an
initial rate of 13.0%/h was measured for our global process at
140 °C with [Ag/Mg4Al-LDH], in contrast with an initial rate of
312.6%/h for the condensation step at 110 °C with the same
catalyst (Figure S1 and S2). These data clearly indicate a fast
condensation step and, hence, that the rate limiting step is
either the dehydrogenation or the hydrogen transfer. In order
to elucidate which of these steps is the rate limiting one, kinetic
orders of nitrile 1 and alcohol 2 for the α-alkylation of 1 with 2
were investigated (see Figures S3 and S4).[14] Those experiments
clearly manifested that, whilst initial reaction rate remains
unaltered with variation of nitrile 1 concentration, the value is
notably affected by the modification of alcohol 2 concentration.
This observation suggests that alcohol dehydrogenation is the
rate-limiting step of the mechanism, since it is the only one in
which nitrile is not involved.

With the aim of acquiring a deeper knowledge of the
catalytic behavior of our [Ag/Mg4Al-LDH] system vs the other
[Ag/MgxAl-LDH] materials, a kinetic comparison of these
materials was performed at the optimized reaction conditions.
Initial reaction rates, as well as final yields, of the global process
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and the condensation step were investigated for all the
materials (Figure 2 and Table S6). It is widely accepted that the
number of basic Brønsted sites in [MgxAl-LDH] materials
increases with the decrease of magnesium content, as this
decrease means a larger Al3+ content and, hence, a higher
amount of balancing anions conferring basicity.[3h,4a,29] Therefore,
if the initial rate of a reaction was exclusively dependent on the
Brønsted basicity, an increase in reaction efficiency would be
expected with a decrease in “x” value.[34] In our case, we observe
the opposite effect reaching a maximum of activity for [Ag/
Mg4Al-LDH] system, and then, a significant decrease for [Ag/
Mg5Al-LDH] for both global process and condensation steps
(Figure 2 and Table S6). This kind of complex behavior has been
observed before in multi-step reactions catalyzed by a combi-
nation of acid (M2+ or M3+) and basic sites present in LDH
materials, such as the cyanoethylation of alcohols.[34] In this
case, it has been reported that reaction efficiency depends on a

combination of a series of factors such as number of acid and
basic sites, strength of these sites and accommodation of
intermediate species. In the studied process here of BH
between an alcohol 1 and a nitrile 2, we are also in a complex
situation. It is reported that rate limiting step of dehydrogen-
ation, although mainly catalyzed by silver species, is assisted by
acid and basic sites of the support.[35] Similarly, hydrogenation
can also be influenced by this kind of active sites.[36] On the
other hand, the α-deprotonation of nitrile, obviously, needs the
assistance of basic sites.[37] In addition, it has also been reported
that Lewis acid sites of LDH (Al3+ centers) can have an
important role coordinating nitrogen of nitrile to increase α-H
acidity and enable α-deprotonation.[37] Our results here show
that [Ag/Mg4Al-LDH] system presents the optimal acid-base
properties, as well as Ag species, to catalyze both the global
process and the condensation (r0 4 (%/h) of 13 and r0 3 (%/h)
>300) (Figure 2 and Table S6). Remarkably, [Ag/Mg2Al-LDH] is
totally inactive for both reactions, while [Ag/Mg3Al-LDH] and
[Ag/Mg5Al-LDH] are able to catalyze these processes but in
moderate or low yields and initial rates (r0 4 (%/h) of 5–10, 4
yield of 35–46% and r0 3 (%/h) of 55–48, 3 yield of 37–53%)
(Figure 2 and Table S6).

With all these data in hand, we can propose a mechanism
entailing the borrowing of hydrogen between nitrile 1 and
alcohol 2 (Scheme 2). First, a silver-catalyzed dehydrogenation
of benzyl alcohol 2 gradually generates benzaldehyde 5, as well
as silver nanoparticle hydride species. This has been determined
as the rate-limiting step of the whole process. Then, a fast
condensation between benzaldehyde 5 and nitrile 1 occurs,
implying a previous nitrile enolization under the reaction
conditions. It is important to remark that the fact that the

Figure 2. Initial reaction rates of 3 and 4 formation (r0) expressed as [yield
(%)/h] and yield of 3 and 4 at a defined reaction time for (up) α-alkylation of
phenylacetonitrile 1 with benzyl alcohol 2 (3 equiv.) at 140 °C and (bottom)
condensation step between phenylacetonitrile 1 and benzaldehyde 5
(3 equiv.) at 110 °C in the presence of different [Ag/MgxAl-LDH] materials. For
detailed reaction conditions, see SI. Yield of products 3 and 4 were
calculated by GC using hexadecane as internal standard. Initial rate (r0) is the
slope of the linear equation: [yield of 3 (%)= r0×t (h)] or [yield of 4 (%)= r0×t
(h)] defined at initial reaction times and expressed as [r0 3 (%/h)] or [r0 4
(%/h)].

Scheme 2. Plausible reaction mechanism for the α-alkylation of phenyl-
acetonitrile 1 with benzyl alcohol 2 in the presence of [Ag/Mg4Al-LDH]
nanocatalyst.
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condensation step undergoes at such high speed, limits the
aldehyde degradation. In addition, control experiments showed
that condensation step is catalyzed by [Mg4Al-LDH] basic and
acid sites. Finally, it is proposed the reduction of the α,β-
unsaturated nitrile 3 catalyzed by surface silver nanoparticle
hydride species on the [Mg4Al-LDH] support to afford the
desired α-alkylated nitrile 4. As it has been commented before,
characteristic Brønsted basic sites of [Mg4Al-LDH], but also Lewis
acid sites, are proposed to present a prominent role assisting
dehydrogenation, condensation and hydrogenation steps.

Once established the catalytic performance of [Ag/Mg4Al-
LDH] nanomaterial in the α-benzylation of phenylacetonitrile 1
with benzyl alcohol 2, we decided to investigate its range of
application for a variety of nitrile and alcohol substrates
(Scheme 3,A). To ensure a total conversion of nitriles and/or an
improvement of the final product yield, higher catalyst amounts
(5 mol% Ag), larger excess of alcohol (5 equiv.) and/or extended
reaction times up to 48 h were applied in some cases.

Apart from 2,3-diphenylpropionitrile 4 obtained in a 97%
yield, different α-benzylated arylacetonitriles (6–13) bearing
halogen (F), alkoxy (� OPh, � OEt), alkyl (� iPr, � Me), phenyl or
trifluoromethoxy functionalities in ortho-, meta- and/or para-
position could be accessed in good to excellent isolated yields
(70–90%) by coupling the parent aryl-substituted nitrile with
benzyl alcohol 2. In addition, 2-naphthaleneacetonitrile, 1,3-
benzodioxole-5-acetonitrile as well as pyridine- and thiophene-
containing acetonitriles, in combination with 2, afforded the
desired nitrile products (14–17) with notable yields (76–95%).
Interestingly, under the selected optimized reaction conditions,
α-olefinated nitrile 17 could be isolated as the sole product in
this case.

Additionally, when phenylacetonitrile 1 was reacted with
several meta- and/or para-substituted benzyl alcohols with
methoxy, nitro, chloro, methylthio or methyl groups, the
desired functionalized nitriles (18–22) were obtained in ex-
cellent yields (78–94%). It should be noted that in the case of 3-
nitrobenzyl alcohol, α-olefinated nitrile 19 was obtained as the
final product. To our delight, the present protocol was also
successfully applicable to N-heterocycle containing alcohols
such as 4-pyridinemethanol or 6-quinolinemethanol affording
the corresponding α-functionalized nitriles 23 and 24 in 70 and
80% yield, respectively.

Gratifyingly, the designed silver nanocatalyst also resulted
highly effective for promoting α-functionalizations of a wide
range of 2-oxindoles with several alcohols via BH under
previously employed reaction conditions (Scheme 3, B). Interest-
ingly, although free NH position in oxindoles is also prone to
alkylation, the nanostructured catalyst exhibited total selectivity
towards C3-functionalization. By applying this methodology,
highly diverse α-functionalized 2-oxindoles could be obtained
after purification. Notably, in addition to simple 2-oxindole,
several oxindole derivatives functionalized with halogens (F and
Cl) or a trifluoromethyl group at 5-, 6- or 7-position were
successfully coupled with alcohol 2, affording the desired α-
benzylated oxindoles (25–30) with good or excellent isolated
yields (74–94%). Unfortunately, 2-oxindoles 5-substituted with
electron-donating groups, such as methoxy or amino, did not

afford the desired product in good yields, affording poor
selectivities or only traces of the product, respectively. In
addition, not only NH-free oxindoles, but also N-methyl or N-
phenyl substituted derivatives were converted to the desired
C3-benzylated products (31 and 32) in an efficient manner (84
and 94% yield, respectively). Moreover, even more structurally
complex oxindoles were accessed successfully by crossing
several 2-oxindole counterparts with a variety of substituted
benzylic alcohols. Remarkably, benzyl alcohols substituted with
methylthio, methoxy, chloro, methyl and trifluoromethoxy
groups in meta- and/or para- positions, as well as heterocycle-
containing alcohol derivatives could be employed for obtaining
the target C3-functionalized oxindole products (33–40) with
good yields (71–90%). This type of valuable organic compounds
constitutes a potential class of biologically active molecules
with interesting applications.

In comparison with α-alkylation of acetonitriles or oxindoles,
the use of more deactivated carboxylic acid derivatives, such as
simple amides, is significantly hampered owing to their very
low α-carbon acidity (pKa~30–35).

[9] Despite this difficulty, this
transformation has been recently investigated employing
sophisticated homogeneous catalysts in the presence of excess
of strong bases (i. e. KOt-Bu).[38] To the best of our knowledge, in
the heterogeneous area only one example has been reported in
2022 by Obora’s group.[39] In this work, unsupported ruthenium
nanoparticles stabilized on very specific conditions and in
combination with (over)stoichiometric amounts of a strong
base, are capable to promote α-alkylation of unactivated amides
with alcohols. Hence, there is a high interest in the design of a
solid, stable and reusable nanostructured catalyst combining
basic sites capable to promote the enolization at the Cα of the
amide, and metal species able to mediate dehydrogenation and
hydrogenation steps.

To our delight, the novel [Ag/Mg4Al-LDH] nanomaterial is
also able to mediate the intramolecular α-alkylation of slightly
α-activated amide groups with primary alcohols, affording 3-
arylquinolin-2(1H)-ones in one-pot (Scheme 4). This kind of N-
heterocycles are considered privileged scaffolds in therapeutic
and medicinal chemistry, with widespread applications.[40] Tradi-
tional organic approaches to access them are based on
Friedlander,[41] Knorr[42] or Vilsmeier-Haack[43] protocols working
through the condensation between an amide and a carbonyl
function. In addition, modern strategies involving homogene-
ously metal-catalyzed processes have been developed for their
synthesis.[40c,44] Considering the high interest of these com-
pounds, the development of alternative and more sustainable
methodologies for obtaining them is a sought as a relevant
goal nowadays in organic chemistry and catalysis.

With the aim of evaluating our developed catalytic system
in a dehydrogenative strategy to obtain 3-arylquinolones,
different N-[2-(hydroxymethyl)phenyl]-2-phenylacetamides (S1–
S5) were prepared as starting materials. These compounds were
obtained via the selective N-acylation process of the corre-
sponding 2-aminobenzyl alcohols (see SI for experimental
details).[45] Interestingly, when our [Ag/Mg4Al-LDH] catalytic
system was studied for the aimed reaction, it was found that
the best results were obtained when the reaction was run first
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Scheme 3. Synthesis of α-functionalized (A) nitriles and (B) 2-oxindoles through [Ag/Mg4Al-LDH]-catalyzed α-alkylations using primary alcohols via BH strategy.
[a] Standard reaction conditions: nitrile or oxindole (0.125 mmol), alcohol (0.375 mmol, 3 equiv.), freshly reduced [Ag/Mg4Al-LDH] catalyst (at 130 °C, 2 h,
heating ramp of 0.5 °C/min) with a silver content of 0.5 wt% (134 mg, 5 mol% Ag), mesitylene (1.5 mL) at 140 °C under N2 during 24 h. Yields of isolated
products are given between brackets. [b] Run with 2.5 mol% Ag (67 mg of catalyst). [c] Run with alcohol (0.625 mmol, 5 equiv.) for 48 h. [d] Run during 48 h.
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at 110 °C during 24 h, to afford the intermediate aldehyde, and
then at 140 °C over 6 h, to promote enolization/cyclization.
Employing these specific conditions, it was avoided reagent
degradation and final product yield was improved. Gratifyingly,
by applying this original strategy, several 3-aryl substituted 2-
quinolinones (41–45) were accessed with moderate to good
yields (64–80%, Scheme 4). Remarkably, halogen atoms such as
F, Cl and even Br were fully tolerated as well as the relevant
trifluoromethyl group affording the desired N-heterocycles in
an efficient manner. It should be mentioned that in this case BH
mechanism was not completely closed, since final hydrogen
transfer does not occur,[46] probably because of the difficulty of
reducing an internal double bond in a 2-quinolinone fragment.

Conclusions

We have designed [Ag/Mg4Al-LDH] material as a reusable and
efficient nanocatalyst for the α-alkylation of a wide range of
nitriles and 2-oxindoles using alcohols via BH strategy. Detailed
characterization of the active material was performed (ICP-AES,
XRPD, TG, BET Area, 27Al MAS NMR, XPS, HAADF-HRSTEM, DR
UV-Vis and EPR) revealing its constitution by small silver
nanoaggregates (3.8 nm of average particle size) homogene-
ously distributed across a LDH support with a [Mg/Al] molar
ratio of 4. Kinetic and mechanistic investigations of a series of
[Ag/MgxAl-LDH] (x=2, 3, 4 and 5) materials as catalysts in this
reaction demonstrated that [Ag/Mg4Al-LDH] material, present-
ing a moderate basicity, is the most active catalyst for both
dehydrogenation and condensation steps. In addition, the
borrowing hydrogen mechanism was confirmed for explaining
this process. Moreover, the strategy has been widened to the

challenging α-CH activation of amides, and quinolin-2(1H)-ones
could be obtained via a one-pot intramolecular cyclization of N-
(2-(hydroxymethyl)phenyl)-2-phenylacetamides. Thus, for the
first time, this kind of N-heterocycles with many applications
has been obtained through this dehydrogenative protocol with
the developed [Ag/Mg4Al-LDH] system. Interestingly, the results
presented herein could open the door to the development of
novel and sustainable methodologies towards the synthesis of
valuable organic compounds from accessible and stable starting
materials employing heterogeneous nanocatalysts.

Experimental Section
General information. Mg-, Ca- and Al-based LDH supports, reduced
catalysts and non-reduced material versions (if indicated) were
analyzed by X-ray powder diffraction (XRPD) using a Cubix-Pro
PANalytical diffractometer equipped with a detector PANalytical
X'Celerator (CuKα radiation). The wt% amount of Mg, Ca and Al
present in the synthesized LDHs, the wt% amount of Ag, Ru, Fe, Co,
Ni, Cu, Mn or Bi contained in the freshly reduced metal catalysts
and the wt% amount of silver present in the used [Ag/Mg4Al-LDH]
catalyst, were determined by inductively coupled plasma-atomic
emission spectrometer (ICP-AES) using a Varian 715-ES after the
dissolution of the solid samples in HNO3:HCl aqueous solution
(1 : 3 vol). The wt% amount of carbon and nitrogen present in the
Mg-, Ca- and Al-based LDH solids was determined by elemental
analysis using a EURO EA elemental analysis equipment (Euro-
vector) coupled with a TCD. Liquid nitrogen adsorption of the
selected LDH-based materials was analyzed using N2 adsorption
isotherms at � 196 °C in a Micrometrics FlowSorb equipment. The
specifics surface areas of the selected samples were calculated by
applying the Brunauer-Emmett-Teller (BET) model over the rage P/
P0=0.05–0.25 of the isotherms and the average pore diameter was
calculated by applying the Barrett-Joiner-Halenda (BJH) desorption
model. Freshly reduced [Ag/Mg4Al-LDH] catalyst and used catalyst
were observed by HRSTEM and HRTEM by using a JOEL JEM 2100F
electron microscope working at 200 kV. The gravimetric analysis
during the thermal decomposition of the Mg-, Ca- and Al-based
LDH supports was studied from room temperature to 900 °C, at a
heating rate of 10 °Cmin� 1, under air flow using a Netzsch STA 449
F3 Jupiter thermal analyzer. The analysis was performed employing
approximately 10 mg of the sample on a crucible of aluminium
oxide. Diffuse reflectance UV-Vis spectra of the selected samples
were obtained on a Cary 7000 (Agilent Technology) instrument
equipped with a Harrick “Praying Mantis” cell, using BaSO4 as a
reference for reflectance. Electron paramagnetic resonance (EPR)
analysis of the reduced [Ag/Mg4Al-LDH] catalyst was performed in a
Bruker EMX-12 instrument operating in X band at 9.5 GHz,
modulation amplitude of 1 G and modulation frequency of
100 KHz. 27Al magic angle spinning nuclear magnetic resonance
(MAS NMR) spectra of selected LDH-based supports and materials
were recorded at room temperature with a Bruker AV III HD 400
spectrometer at 104.6 MHz using a 3.2 mm probe spinning the
samples at 20 kHz and 1 s as a recycle delay. [Al(NO3)3 · 9H2O] was
used as a secondary reference (0 ppm). X-Ray photoelectron
spectroscopy (XPS) spectra of the reduced [Ag/Mg4Al-LDH] catalyst
and the material recovered after reaction use were recorded with a
SPECS spectrometer equipped with a Phibos 150 MCD-9 multi-
channel analyzer, using a non-monochromatic MgK (1253.6 eV) X-
ray source. The spectra were recorded with an X-ray power of
100 W, pass energy of 30 eV, and under an operating pressure of
10–9 mbar. The XPS spectra were referenced to C1s peak (284.5 eV),
and spectra treatment was performed using the CASA XPS
software.

Scheme 4. [Ag/Mg4Al-LDH]-catalyzed one-pot synthesis of 3-arylquinolin-
2(1H)-ones 41–45 from the intramolecular α-alkylation of 2-phenylacetamide
groups with primary alcohols. Standard reaction conditions: N-[2-
(hydroxymethyl)phenyl]-2-phenylacetamide S1–S5 (0.125 mmol), freshly re-
duced [Ag/Mg4Al-LDH] catalyst with a silver content of 0.5 wt% (134 mg,
5 mol% Ag), mesitylene (2 mL), under N2 at 110 °C during 24 h and then at
140 °C over 6 h. Yields of isolated products are given between brackets.
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General procedures for materials preparation

Synthesis of [MgxAl-LDH] supports.
[22e] [Mg2Al-LDH], [Mg3Al-LDH],

[Mg4Al-LDH] and [Mg5Al-LDH] supports were prepared by a co-
precipitation method at pH 10 following a known procedure as
follows. 200 mL of a x · [0.25 M] (x=2, 3, 4 or 5) and [0.25 M]
aqueous solution of [Mg(NO3)2 · 6H2O] (99%) and [Al(NO3)3 · 9H2O] (>
98%), respectively, were added dropwise under N2 to a three-neck
round-bottom flask containing 240 mL of [2 M] aqueous solution of
Na2CO3 (>99.5%), keeping under agitation at ambient temperature.
A [40 wt%] NaOH (97%) aqueous solution was simultaneously
added dropwise to keep a constant pH around 10. Then, the
obtained slurry was aged at 60 °C for 6 h under stirring, filtered
under vacuum and washed (3×100 mL of ultrapure water), and the
precipitate was dried under vacuum at 100 °C overnight.

Synthesis of [Ag/Mg4Al-LDH] material. AgNO3 (�99.0%, 11.8 mg,
0.069 mmol Ag) was added into a 100 mL round-bottom flask and
dissolved in 30 mL of ultrapure water. Then, the solution was
heated up to 55 °C under stirring and [Mg4Al-LDH] support
(992.5 mg) was added, maintaining the mixture under stirring at
55 °C for 4 h. After this, the solid was filtered under vacuum,
washed thoroughly with ultrapure water and dried under vacuum
at 100 °C for 2 h. Finally, reduction of the obtained solid under
hydrogen flow at 130 °C, during 2 h with a heating ramp of 0.5 °C/
min (or 1, 2 and 4 °C/min when indicated), afforded [Ag/Mg4Al-LDH]
material with a 0.5 wt% silver content measured by ICP-AES. For
obtaining [Ag/Mg4Al-LDH] catalyst with 0.25 or 1.5 wt% of silver
loading, the amount of silver nitrate was changed accordingly.

General catalytic procedures

General procedure for catalytic studies in the α-benzylation of 2-
phenylacetonitrile (1) with benzyl alcohol (2). A 7 mL glass vial
containing a stirring bar was sequentially charged with phenyl-
acetonitrile 1 (14.5 μL, 0.125 mmol), benzyl alcohol 2 (39 μL,
0.375 mmol, 3 equiv.), [Ag/Mg4Al-LDH] (67 mg, 0.5 wt% Ag content,
2.5 mol% Ag), n-hexadecane (7.7 mg, 0.03 mmol) as an internal
standard, and mesitylene (2 mL) as solvent under nitrogen atmos-
phere. Afterwards, the reaction vial was capped with a septum and
placed into an aluminium block, which was preheated at 140 °C.
After 16 h, the reaction vial was cooled down to room temperature
and finally, the reaction mixture was diluted with ethyl acetate,
centrifuged and the supernatant was analyzed by GC. The
evaluation of the other catalysts was performed in the same way
only modifying the employed material as catalyst.

General procedure for the synthesis of α-functionalized nitriles
and 2-oxindoles through [Ag/Mg4Al-LDH]-catalyzed α-alkylations
using primary alcohols. A 7 mL glass vial containing a stirring bar
was sequentially charged with the corresponding nitrile or 2-
oxindole (0.125 mmol), alcohol (0.375 or 0.625 mmol, 3 or 5 equiv.),
[Ag/Mg4Al-LDH] (67 or 134 mg, 0.5 wt% Ag content, 2.5 or 5 mol%
Ag), n-hexadecane (7.7 mg, 0.03 mmol) as an internal standard, and
mesitylene (1.5 mL) as solvent under nitrogen atmosphere. After-
wards, the reaction vial was capped with a septum and placed into
an aluminium block, which was preheated at 140 °C. After the
indicated time (24 or 48 h), the reaction vial was cooled down to
room temperature, diluted with ethyl acetate and centrifuged, and
the supernatant was analyzed by GC and GC-MS to confirm the
progress of the reaction. Then, the crude was filtered to remove the
catalyst, washed with ethyl acetate and concentrated under
reduced pressure. Finally, the residue was purified by column
chromatography using (hexane/AcOEt) mixtures as eluent to afford
the desired α-functionalized product.

General procedure for the synthesis of 3-arylquinolin-2(1H)-ones
via intramolecular [Ag/Mg4Al-LDH]-catalyzed α-alkylation of N-(2-
(hydroxymethyl)phenyl)-2-phenylacetamides. A 7 mL glass vial
containing a stirring bar was sequentially charged with the
corresponding N-(2-(hydroxymethyl)phenyl)-2-phenylacetamide
(0.125 mmol), [Ag/Mg4Al-LDH] (134 mg, 0.5 wt% Ag content,
5 mol% Ag) and mesitylene (2 mL) as solvent under air atmosphere.
Next, the reaction vial was capped with a septum and placed into
an aluminium block, which was preheated at 110 °C. After 24 h, the
temperature was raised to 140 °C and the reaction was maintained
at this temperature during 6 h, and then, the reaction vial was hot
filtered using a filter plate to remove the catalyst. Subsequently, the
liquid phase was cooled down in an ice bath and a solid
precipitation was observed. The solid was separated by centrifuga-
tion, washed with cold mesitylene, hexane and ethyl acetate, and
was identified as the desired 3-arylquinolin-2(1H)-one.
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