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An efficient heterogeneous catalytic system for the oxidative
aminocarbonylation of alkynes and amines in the presence of
CO/O2 to afford substituted propiolamides has been developed.
The active nanocatalyst, [Pd/Mg3Al-LDH]-300(D), is composed
by Pd nanoaggregates (2–3 nm average particle size) stabilized
over a partially dehydrated [Mg3Al-LDH] matrix. The method-
ology has resulted widely applicable, being the first catalytic
system, either homogeneous or heterogeneous, able to activate
not only aliphatic amines but also poorly-nucleophilic aromatic
amines. In fact, >60 substituted propiolamides have been
synthesized in good to excellent isolated yields through this
methodology, being 27 novel compounds. An important

characterization effort (XRD, 27Al MAS NMR, TGA, TPD-CO2, BET
area, XPS, HAADF-HRSTEM and HRTEM) and optimization of the
synthesis conditions of the optimal catalyst has been per-
formed. This study, together with a series of kinetic and
mechanistic essays, indicates that the optimal catalyst is
composed by Pd(0) species stabilized in a partially dehydrated/
dehydroxylated LDH material with a Mg/Al molar ratio of 3 and
a small crystallite size. All the experimental data indicates that
the in situ formation of [PdI2] active species in the material
surface together with the presence of a matrix with the optimal
acid/base properties are key aspects of this process.

Introduction

During the last years, the development of oxidative couplings
involving the activation of C� H bonds has become a feasible
and attractive methodology in organic chemistry.[1–5] In this
respect, the synthesis of a structural diversity of carbonyl
compounds through the introduction of easily available carbon
monoxide in these cross-coupling protocols has been achieved.
Thus, oxidative carbonylation reactions are convenient strat-
egies employing two nucleophiles, a CO source and a suitable
oxidant.[6–8] Obviously, these methodologies are advantageous
when unfunctionalized nucleophiles are employed in the
presence of molecular oxygen as oxidant.[9] Owing to its
interest, a myriad of mainly homogeneous catalytic systems
based on Pd has been developed. Hence, the design and study

of alternative heterogeneous catalysts able to mediate these
interesting transformations is an important goal that can
potentially increase the sustainability of these reactions.

N,3-Substituted propiolamides, also known as alk-2-yna-
mides, are a specific type of carbonyl compounds with relevant
biological activities. For example, compounds bearing the
propiolamide scaffold have been described to present activities
as inhibitors of enzymes such as matrix metalloproteinases[10] or
Nek2 kinases,[11] with potential uses as drugs for the treatment
of cancer, atherosclerosis or arthritis. In addition, this class of
compounds are highly versatile intermediates in the synthesis
of heterocycles bearing a lactam or cyclic carbamate moiety in
their structure (Scheme 1, A). In fact, butyrolactams,[12] spiro-
lactams,[13–14] benzapines,[15] oxazolidinones,[16] quinolinones,[13]

oxindoles[17–18] and pyrroloindolones[19] have been accessed
from the corresponding alkynamides. Considering the great
potential of heterocycles as biological active compounds, the
cyclization of propiolamides is an interesting approach that has
been already applied for accessing to relevant compounds. In
fact, an oxindole based molecule with adenosine 5’-mono-
phosphate-activated protein kinase (AMPK) activator activity
has been accessed through this methodology and applied as
antidiabetic drug (Scheme 1, A).[18] Obviously, the potential of
obtaining a high structural diversity of heterocycles from these
cyclizations is significantly enlarged with the structural diversity
of the corresponding propiolamide. Hence, the development of
oxidative carbonylation protocols that tolerate a large structural
diversity of amines and alkynes to obtain these interesting
precursors has a high synthetic interest.

Due to the large relevance of propiolamides, several
synthetic strategies have been developed recently for their
preparation including non-catalytic methodologies[20–27] that,
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although can be practical, are not efficient from the viewpoint
of atom economy. Regarding catalytic methods, protocols
employing amide-based compounds,[28–32] isocyanates[33] or
isocyanides[34–35] have been also explored in the presence of
homogeneous catalytic systems. In addition, several photo-
catalytic processes[36–39] or catalytic methodologies involving
pre-functionalized alkynes[40–42] have been reported. The
straightforward synthesis of alkynamides through oxidative
carbonylation protocols starting from an alkyne, an amine and
CO/O2 has awaken a large interest in the last years. Among
these works, several homogeneous methods have been pub-
lished such as the pioneer example reported by Salerno and
Gabriele in 2001 based on [PdI2] (Scheme 1, B).[43] Since then,
other Pd homogeneous systems have been published by the
groups of Xia,[44] Muldoon[45] and Lei[46] (Scheme 1, B). This last

example is especially interesting as the authors employed an
electrochemical approach to perform the reoxidation of the Pd
system, and the protocol worked with primary amines. Up to
date, only two methodologies employing heterogeneous reus-
able catalytic systems have been reported by the groups of
Bhanage[47] and Gabriele[48] (Scheme 1, B). Furthermore, it is
important to highlight that none of these methods, neither
homogeneous nor heterogeneous, was able to catalyze the
oxidative carbonylation of alkynes with aromatic amines. This is
an important limitation of the currently described oxidative
carbonylation protocols for the synthesis of propiolamides,
owing the large relevance of N-aryl based propiolamides as
compounds with biological activity or intermediates.

The rational design and development of novel catalytic
nanomaterials which fulfill the requirements of demanding
chemical transformations is a hot topic in catalysis.[49–52] As it
has been exposed, designing an active, selective and reusable
catalytic system able to activate the poorly nucleophilic
(hetero)aryl amines towards their oxidative carbonylation with
alkynes is of current interest. A careful analysis of the proposed
reaction mechanisms for this transformation[43,46] clearly sug-
gests that a Pd species is needed together with basic centers
assisting the amine and alkyne deprotonation. In fact, all the
described catalytic systems, either homogeneous or heteroge-
neous, are based on Pd. However, in contrast with what occurs
with the Buchwald-Hartwig amination,[53–54] not all the described
protocols for the oxidative aminocarbonylation of alkynes
employ a basic additive or catalyst, due to the different nature
of this oxidative process. Despite the lower basicity of N-aryl
amines in comparison with N-alkyl amines,[55–56] our hypothesis
here is that a material with basic centers could facilitate their
deprotonation and, hence, their conversion in better nucleo-
philes able to undergo the process of interest.

Layered double hydroxides (LDHs) are a class of laminated
2D materials with basic properties based on brucite [Mg(OH)2]-
like layers in which some divalent cations have been replaced
by trivalent ones.[57–60] These nanostructured solids present
positively charged sheets, whose charge is balanced by the
presence of anions in the hydrated interlayer. A general formula
for LDHs would be [M2+

1-xM
3+

x(OH)2]
x+(An� )x/n ·yH2O, in which

the most common M2+ is Mg2+ and M3+ is Al3+, while the anion
is usually CO3

2� . The most employed LDH material is the
commercially available hydrotalcite (HT) with the formula
[Mg6Al2(OH)16CO3 ·4H2O]. 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 confer LDHs surface with special Brönsted
basic features. Interestingly, LDHs basicity can be easily tuned
through several strategies such as the modification of the molar
ratio composition (M2+/M3+) and/or the nature of M2+, M3+ and
the exchangeable interlayer anion (An� ).[58,60] Moreover, a
controlled thermal treatment of LDHs at T>450 °C produces
the corresponding derived mixed metal oxide (MMO), with
interesting properties such as a Lewis basic character and larger
surface areas.[58,61] Hence, due to the modulable basicity of LDHs
and their corresponding MMO derivatives, these materials have

Scheme 1. (A) Some examples of biological active propiolamides or
propiolamides acting as precursors of bioactive molecules. (B) Pd-catalyzed
oxidative aminocarbonylation of terminal alkynes with 1° or 2° amines for
the direct production of N,3-substituted propiolamides (reported examples
and this work). [a] Electrochemical protocol. [Pd-NHC]= [iPr� Pd-Peppsi-Cl2].
NHC=N-Heterocyclic carbene. TBAI=Tetrabuthylammonium iodide. [Pd]
cat.= [PdCl2] or [Pd(PPh3)Cl2]. [PR3]= [P(p-tol)3] or [PPh3]. R’=Et or n-Bu.
[MWCNT-imi-I]=multi-walled carbon nanotubes-imidazol based poly ionic
liquid iodide network. AMP=Adenosine 5’-monophosphate.
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been intensively studied for various applications in the last
years (catalysis, polymer science, drug delivery, etc).[57–60,62–64]

Among these applications, their employment as supports of
metal species for their use as reusable catalysts in organic
synthesis is especially interesting.[60,65–68]

Hence, in this work we have performed the design of an
active and reusable material with catalytic activity for the
oxidative aminocarbonylation of alkynes and amines, including
for the first time (hetero)aryl amines. To this end, we have
explored the activity of several materials based on Pd nano-
particles over a matrix with basic properties, mainly of LDH or
derived mixed metal oxide nature. An important effort has been
done to find the most active material putting an especial
emphasis in the modulation of the basic properties of the
matrix and the Pd oxidation state.

Results and Discussion

As a starting point of our investigation, we selected as bench-
mark reaction the aminocarbonylation of phenylacetylene 1
with N-methylaniline 2, as a representative example of aromatic
amine with a relatively low nucleophilicity, in the presence of a
CO/O2 mixture (15/5 bar), tetrabuthylamonium iodide (TBAI) as
an additive and EtOAc as solvent at 100 °C.

Then, a series of materials were designed as potential
catalysts for this transformation based on Pd nanoparticles,
active to mediate carbonylative couplings, stabilized over basic
matrices, in principle able to activate poorly nucleophilic
aromatic amines. The materials were synthesized at 1.5 wt% of
Pd and pyrolized at 500 °C. To our delight, all the materials
containing Pd nanoparticles over basic supports presented
some activity as catalysts in this reaction (Table 1, entries 1–6).
In the case of materials employing matrices such as [La2O3] or
spinel, [MgAl2O4], low yields of the propiolamide 3 were
obtained (9–26%, Table 1, entries 1 and 5), whereas materials
with [MgO], [CeO2] or [Al2O3] as supports afforded 3 in good
yields (52–67%, Table 1, entries 2–4). Remarkably, the best yield
of 3 was obtained with [Pd/Mg3Al-LDH]-500 as catalyst, a
material synthesized employing a LDH with a Mg/Al ratio of 3
as support (88%, Table 1, entry 6). Here it is important to
remark that, after a pyrolysis treatment of the corresponding
LDH at 500 °C, the structure of this catalyst corresponds to an
LDH-derived metal mixed oxide (MMO), as it will be demon-
strated next through several characterization techniques (vide
infra, Figure 1 and Figure S8). In the absence of Pd, the
corresponding LDH-derived MMO matrix, [Mg3Al-LDH]-500,
showed no catalytic activity for the aminocarbonylation
(Table 1, entry 8), whereas a homogeneous Pd salt such as
[Pd(acac)2] resulted to be a significant less active catalyst for
this transformation (Table 1, entry 7).

At this point, an optimization of the reaction parameters
employing [Pd/Mg3Al-LDH]-500 as catalyst was performed
(Table 1, entries 9–22). In first place, the amount of TBAI was
studied (Table 1, entries 6 and 9–11) determining that the
reaction undergoes with an optimum yield when this additive is
employed at 5 mol% and, in its absence, diphenylbutadiyne

was the only reaction product detected (Table 1, entry 9). It is
interesting to note that TBAI is employed as source of I� anions
required for the Pd(0) reoxidation to Pd(II) in combination with
O2 and avoiding Pd(0) aggregation.[69–71] Then, the concentration
of phenylacetylene 1, as well as the equivalents of N-methylani-
line 2, were studied (Table 1, entries 6 and 12–15) revealing that
the reaction proceeds with the best yields at 0.127 M of
phenylacetylene 1 and 1.5 equivalents of the amine 2. Further
studies of the reaction parameters showed that better yields of
the propiolamide 3 were obtained at a reaction temperature of

Table 1. Pd-catalyzed oxidative aminocarbonylation of phenylacetylene 1 with
N-methylaniline 2 and CO/O2. Initial catalytic studies.

Entry[a] [Catalyst]-Tpyr. TBAI
(mol%)

CO/O2

(bar)
Conv.
(%)[b]

3 (%)[b]

1 [Pd/La2O3]-500 5 15/5 25 9

2 [Pd/MgO]-500 5 15/5 >99 67

3 [Pd/CeO2]-500 5 15/5 92 52

4 [Pd/Al2O3]-500 5 15/5 93 56

5 [Pd/MgAl2O4]-500 5 15/5 37 26

6 [Pd/Mg3Al-LDH]-500 5 15/5 >99 88

7 [Pd(acac)2] 5 15/5 85 45

8 [Mg3Al-LDH]-500 5 15/5 – –

9 [Pd/Mg3Al-LDH]-500 – 15/5 95 –

10 [Pd/Mg3Al-LDH]-500 2.5 15/5 80 58

11 [Pd/Mg3Al-LDH]-500 10 15/5 94 76

12[c] [Pd/Mg3Al-LDH]-500 5 15/5 80 60

13[d] [Pd/Mg3Al-LDH]-500 5 15/5 97 53

14[e] [Pd/Mg3Al-LDH]-500 5 15/5 58 41

15[f] [Pd/Mg3Al-LDH]-500 5 15/5 75 66

16[g] [Pd/Mg3Al-LDH]-500 5 15/5 59 58

17[h] [Pd/Mg3Al-LDH]-500 5 15/5 >99 69

18[i] [Pd/Mg3Al-LDH]-500 5 15/5 48 40

19[j] [Pd/Mg3Al-LDH]-500 5 15/5 94 68

20 [Pd/Mg3Al-LDH]-500 5 15/2.5 58 45

21 [Pd/Mg3Al-LDH]-500 5 20/5 80 75

22 [Pd/Mg3Al-LDH]-500 5 5/1 34 29

[a] Standard reaction conditions: phenylacetylene 1 (14 μL, 0.127 mmol), N-
methylaniline 2 (21 μL, 0.19 mmol, 1.5 equiv.), [Pd/support]-Tpyr. (2.5 mol% Pd,
1.5 wt% Pd in the material, 22.5 mg) where Tpyr.=pyrolysis temperature of
500 °C applied under N2 flow over 3 h and using a heating ramp of 2 °C/min,
or [Pd(acac)2] (2.5 mol% Pd, 0.003 mmol, 1 mg) or [Mg3Al-LDH]-500 support
(22.5 mg), TBAI (tetrabutylammonium iodide) (5 mol%, 0.006 mmol, 2.3 mg),
CO/O2 (15/5 bar), EtOAc (1 mL) at 100 °C during 16 h. [b] Conversion of 1 and
yield of 3 were calculated by GC using n-dodecane as internal standard. Apart
from 3 no other products were detected by GC being the high conversion of
1 attributed to either degradation or polymerization. [c] Run with 0.064 mmol
of 1 maintaining 1.5 equiv. of 2. [d] Run with 0.25 mmol of 1 maintaining
1.5 equiv. of 2. [e] Run with 1 equiv. of N-methylaniline 2. [f] Run with 2 equiv.
of N-methylaniline 2. [g] Run at 80 °C. [h] Run at 120 °C. [i] Run with 1 mol%
Pd. [j] Run with 5 mol% Pd.
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100 °C and employing a 2.5 mol% of Pd (Table 1, entry 6 and
entries 16–19). Several solvents were also evaluated (Table S1,
SI), confirming ethyl acetate as the best one. Interestingly, other
polar aprotic solvents such as THF, 2-Me-THF and acetonitrile
also afforded alkynamide 3 in good yields, in contrast with
apolar or polar protic solvents which gave place to poor yields.
Finally, several CO/O2 pressures were explored considering the
safe flammability limits[72] (Table 1, entries 6 and 20–22) and it
was concluded that the original employed pressures of 15/5 bar
were the optimal.

With the aim of further improving the oxidative amino-
carbonylation of alkynes, a series of parameters related with the
catalyst synthesis were explored and its influence in the catalyst

structure and catalytic activity was investigated (Table 2). In first
place, the pyrolysis temperature of [Pd/Mg3Al-LDH] was varied
between 150 and 600 °C (Table 2, entries 1–5), concluding that
the best yields were achieved at a pyrolysis temperature of
300 °C, reaching high yields of propiolamide 3 even at 80 °C
(Table 2, entry 2). Then, several materials pyrolyzed at 300 °C
and with different Pd loadings were synthesized and evaluated
as catalysts at 60 °C revealing that better yields of 3 were
obtained at a Pd loading of 0.75 wt% (Table 2, entry 7), lower
than the previously employed of 1.5 wt%. Considering the
dramatic influence that pyrolysis temperature can have in LDH
structure, materials obtained at pyrolysis temperatures between
150 and 600 °C and with an optimal Pd loading of 0.75 wt%

Table 2. Pd-catalyzed oxidative aminocarbonylation of 1 with 2 and CO/O2. Influence of the [Pd/Mg3Al-LDH] pyrolysis temperature applied (Tpyr.) and Pd (wt
%) in the material.

Entry[a] [Catalyst]-Tpyr. Pd (wt%)[b] T (°C) Conv. (%)[c] 3 (%)[c]

1 [Pd/Mg3Al-LDH]-150 1.5 80 70 69

2 [Pd/Mg3Al-LDH]-300 1.5 80 94 94

3 [Pd/Mg3Al-LDH]-400 1.5 80 65 64

4 [Pd/Mg3Al-LDH]-500 1.5 80 59 58

5 [Pd/Mg3Al-LDH]-600 1.5 80 61 57

6 [Pd/Mg3Al-LDH]-300 0.25 60 44 42

7 [Pd/Mg3Al-LDH]-300 0.75 60 59 58

8 [Pd/Mg3Al-LDH]-300 1.5 60 44 40

9 [Pd/Mg3Al-LDH]-300 3 60 38 34

10 [Pd/Mg3Al-LDH]-150 0.75 60 47 32

11 [Pd/Mg3Al-LDH]-400 0.75 60 <10 traces

12 [Pd/Mg3Al-LDH]-500 0.75 60 <10 traces

13 [Pd/Mg3Al-LDH]-600 0.75 60 <10 traces

14 [Pd/Mg3Al-LDH]-150 0.75 80 76 73

15 [Pd/Mg3Al-LDH]-300 0.75 80 >99 99

16 [Pd/Mg3Al-LDH]-300(A)
[d] 0.75 80 72 69

17[e] [Pd/Mg3Al-LDH]-300 0.75 80 84 80

18[f] [Pd/Mg3Al-LDH]-300 0.75 80 34 33

19[g] [Pd/Mg3Al-LDH]-300 0.75 80 60 52

20[h] [Pd/Mg3Al-LDH]-300 (1st reuse) 0.75 80 >99 96

21[h] [Pd/Mg3Al-LDH]-300 (2nd reuse) 0.75 80 93 87

22[h] [Pd/Mg3Al-LDH]-300 (3rd reuse) 0.75 80 88 80

23[i] [Pd/C]-commercial 10 80 99 44

[a] Standard reaction conditions: phenylacetylene 1 (14 μL, 0.127 mmol), N-methylaniline 2 (21 μL, 0.19 mmol, 1.5 equiv.), [Pd/Mg3Al-LDH]-Tpyr. (2.5 mol% Pd,
0.25 to 3 wt% Pd in the material) where Tpyr.=pyrolysis temperature applied under N2 flow over 3 h and using a heating ramp of 2 °C/min, TBAI (5 mol%,
0.006 mmol, 2.3 mg), CO/O2 (15/5 bar), EtOAc (1 mL) at 60 or 80 °C during 16 h. [b] Pd (wt%) content in the material measured by ICP-AES. [c] Conversion of
1 and yield of 3 were calculated by GC using n-dodecane as internal standard. [d] [Pd/Mg3Al-LDH]-300(A) corresponds to a version of the material prepared
performing metal impregnation onto a previous pyrolized [Mg3Al-LDH] support (at 300 °C, N2 flow, 3 h, 2 °C/min) and then pyrolized again under the same
conditions. [e] Run with 1.5 mol% Pd. [f] Run during 4 h. [g] Run with CO/O2 (5/1 bar). [h] Consecutive reuses of the catalytic material performed at standard
reaction conditions scaled up to 1.27 mmol of phenylacetylene 1 (see more details in SI), using a freshly pyrolized material (at 300 °C, N2 flow, 3 h, 2 °C/min)
before each new reaction cycle. [i] Pd-material employed by Bhanage in ref. [47] was used under our optimized conditions. Diphenylbutadiyne was the
other product detected in this case.
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were obtained and tested as catalysts at 60 °C (Table 2, entries 7
and 10–13). At those milder conditions, the only materials that
afforded propiolamide 3 in moderate yields of 32 and 58%
were the ones pyrolyzed at 150 and 300 °C, respectively
(Table 2, entries 7 and 10). To our delight, when the reaction
was performed at 80 °C an excellent yield of 3 was obtained
employing [Pd/Mg3Al-LDH]-300 (with a 0.75 wt% Pd) as catalyst
(99%, Table 2, entry 15). The synthesis of the optimal [Pd/
Mg3Al-LDH]-300 material was also explored performing the Pd
impregnation onto a previously pyrolized [Mg3Al-LDH]-300
support, affording [Pd/Mg3Al-LDH]-300(A). However, when [Pd/
Mg3Al-LDH]-300(A) was evaluated as catalyst in the oxidative
aminocarbonylation of 1 with 2 in the presence of CO/O2, lower
yields of 3 were obtained than with the previously employed
[Pd/Mg3Al-LDH]-300 catalyst (Table 2, entries 16 and 15). To
further explore the influence of the matrix properties in the
catalytic activity, several [Pd/MgxAl-LDH]-300 materials contain-
ing different Mg/Al molar ratios were synthetized[68] and
evaluated as catalysts in the studied reaction at 60 °C (Fig-
ure S1, SI). Even though all the studied [Pd/MgxAl-LDH]-300
materials gave place to the desired propiolamide 3, [Pd/Mg3Al-
LDH]-300 was the most active of the series. In addition, the
catalytic activity of the commercially available [Pd/C] previously
employed by Bhanage et al[47] in the aminocarbonylation of
alkynes with aliphatic amines was compared in our studied
reaction at the optimized conditions and showed to be a much
less active material (Table 2, entry 23).

Once the synthetic parameters of the optimal catalyst had
been determined, we became interested in exploring its
catalytic activity at milder conditions such as lower Pd mol%,
shorter reaction times and lower CO/O2 pressures (Table 2,
entries 17–19). These studies revealed that the reaction still
gave good yields of propiolamide 3 at 1.5 mol% of Pd (80%,
Table 2, entry 17), whereas shorter reaction times and milder
pressures afforded only moderate yields of 3 (33–52%, Table 2,
entries 18 and 19). Moreover, the use of alternative co-oxidants
to TBAI was also explored employing optimized [Pd/Mg3Al-
LDH]-300 as catalyst (Table S2, SI). Among all the additives
tested, only TBAB afforded 3 in moderate yields and all the
other iodide salts or AgOAc only gave traces of the alkynamide
of interest 3, affording mainly the alkyne homocoupling
product.

To better understand our active catalytic system, a detailed
characterization of the optimal catalyst, [Pd/Mg3Al-LDH]-300,
and some of their structural variations was done. In this sense,
it is relevant to consider our initial hypothesis by which
designing a material with the optimal acid-base properties can
mean a large difference in this kind of oxidative couplings with
poorly nucleophilic aromatic amines. Obviously, owing the
dramatic effect that pyrolysis temperature of the material has in
the catalytic activity, we were very interested in elucidating the
structural differences between the materials pyrolyzed at differ-
ent temperatures. To this end, we characterized [Pd/Mg3Al-LDH]
materials with a Pd loading of 0.75 wt% and pyrolyzed at
different temperatures by XRPD, thermogravimetric analysis
(TGA), 27Al MAS NMR, CO2 thermoprogrammed desorption (CO2-
TPD) and BET surface area (Figure 1, Table S4, Figure S18 and

Table S7). Interestingly, XRD patterns of the [Pd/Mg3Al-LDH]
materials pyrolyzed at different temperatures showed important
differences between them (Figure 1, A). In the case of [Pd/
Mg3Al-LDH] and [Pd/Mg3Al-LDH]-150, the characteristic (003),
(006), (012), (015), (018), (110) and (113) reflections at 2θ 11.7,
23.5, 35.0, 39.5, 47.0, 60.8 and 62.2° appeared in the
corresponding diffractograms and were assigned to a rhombo-
hedral (3R) LDH structure (JCPDS-541030).[61,73–75] Moreover, no
differences were observed between the XRD patterns of these
materials and the one corresponding to [Mg3Al-LDH] (Fig-
ure S8), which indicates the high crystallinity and order of [Pd/
Mg3Al-LDH] and [Pd/Mg3Al-LDH]-150. In addition, the presence
of large Pd nanoparticles in their structure was totally discarded.
On the other hand, in the corresponding [Pd/Mg3Al-LDH]
materials pyrolyzed at 400, 500 and 600 °C the characteristic
patterns (200) and (220) of a MgO-periclase phase (2θ 43.6 and
63.1°) appeared together with a weak LDH phase (Figure 1, A).
By contrast, the patterns of Al2O3 were not detected, suggesting
the formation of an amorphous phase. Thus, the formation of a
mixed oxide MgAlOx is proposed for these materials pyrolized
at�400 °C. At these temperatures, it is possible the collapse of
the LDH structure by partial dehydroxylation of the brucite-like
sheets followed by hydroxyl condensation.[61,73,76–77] In this point,
it is interesting to note that in [Pd/Mg3Al-LDH]-600 the
characteristic (111), (200), (220) and (311) reflections attributed
to Pd(0) nanoparticles were identified (JCPDS 00-046-1043),
although in very low intensity, indicating the presence of Pd(0)
nanoparticles with sizes around 4–5 nm in this material.
Interestingly, the most active material, [Pd/Mg3Al-LDH]-300,
showed a different XRD pattern with respect to both LDH and
MMO materials, whereas with strong similarities with the former
ones. More specifically, XRD pattern of [Pd/Mg3Al-LDH]-300
(Figure 1, A) clearly shows (003) and (110) characteristic reflec-
tions of LDH, although in a much broader fashion than in
[Mg3Al-LDH], [Pd/Mg3Al-LDH] and [Pd/Mg3Al-LDH]-150, indicat-
ing a higher degree of disorder in this case. In fact, the
corresponding Scherrer dimensions of D003 and D110 are
dramatically reduced to 2.59 nm and 8.03 nm respectively, in
comparison with the values obtained for [Mg3Al-LDH], [Pd/
Mg3Al-LDH] and [Pd/Mg3Al-LDH]-150 of 30.95–33.91 nm and
24.49–29.06 nm.[78] It is also relevant to consider that (006),
(012), (015), (018) and (113) typical reflections of LDH are not
observed in [Pd/Mg3Al-LDH]-300, whereas a new line at 2θ 36.5°
appears. This kind of XRD pattern in LDH materials pyrolized or
calcined at relatively low temperatures has been previously
studied by several research groups and it has been assigned to
dehydrated LDH materials (dh-LDH), an intermediate phase
between a LDH and a MMO.[61,73,76,78] A careful analysis of (003)
reflection 2θ value of [Pd/Mg3Al-LDH]-300 in comparison with
the ones found for [Mg3Al-LDH] and [Mg3Al-LDH]-300 shows a
shift to higher angles in the case of the materials pyrolized at
300 °C, which means a decrease in basal spacing d as well as in
the lattice parameter c (Table S4). This effect is explained by the
removal of the interlayer water present in LDH and, hence, the
formation of a dehydrated LDH material. However, here it is
important to remark that in our case the dehydration is only
partial, as the observed decrease in basal spacing is clearly
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minor than the observed in other reported dh-LDH
(Table S4).[61,76,78] Moreover, (110) reflection 2θ values at [Pd/
Mg3Al-LDH]-300 XRD did not change with respect to [Mg3Al-
LDH], [Pd/Mg3Al-LDH] and [Pd/Mg3Al-LDH]-150 (Table S4), con-
firming that a cell parameter, related with cation-cation
distance, was not altered at 300 °C, and suggesting that the
layered structure was maintained at this temperature. It is also
important to remark that XRD of [Pd/Mg3Al-LDH]-300 did not
show any peak assigned to the presence of Pd nanoparticles.
Furthermore, the XRD patterns of [Pd/Mg3Al-LDH] materials
pyrolized at different temperatures (150–600 °C) and with a
higher Pd charge of 1.5 wt%, showed an analogous behavior to
the one described for 0.75 wt% Pd charged materials (Figure S9
vs Figure 1, A). In addition, other materials pyrolized at 300 °C
such as [Pd/Mg3Al-LDH]-300 with different Pd loadings (0.25–
3 wt% Pd) (Figure S10), [Pd/Mg3Al-LDH]-300(A) (Figure S12) or
[Pd/MgxAl-LDH]-300 (Figures S14–16) showed XRD patterns
similar to the ones observed for [Pd/Mg3Al-LDH]-300. It is also
relevant to note that [Pd/Mg3Al-LDH]-300 after 10 days of its
pyrolysis showed the same XRD pattern (Figure S11), which
indicates the stability of the partially dehydrated LDH structure.

Thermogravimetric analysis further confirmed the partially
dehydrated LDH structure of the optimal catalyst [Pd/Mg3Al-
LDH]-300 (Figure 1, B). Thermal decomposition of LDH materials
has been intensively studied in the literature and several
authors have reported that, upon thermal treatment, there is a
first loss of interlayer water (50–225 °C) to give a dh-LDH stable
intermediate phase, followed by a dehydroxylation/decarbon-
ation coupled process to give a LDH-derived mixed oxide at
more than 350 °C.[61,79–80] Despite being a coupled process, it has
been demonstrated that dehydroxylation starts in first place,
although in a low degree, at temperatures higher than
200 °C.[61] TGA and DTG of [Pd/Mg3Al-LDH]-300 (Figure 1, B and
Figure S18) show that our optimal catalyst still presents a
characteristic interlayer water loss at a temperature lower than
250 °C, although less intense than for [Pd/Mg3Al-LDH] and [Pd/
Mg3Al-LDH]-150, which would confirm its partial dehydration.
Interestingly, [Pd/Mg3Al-LDH]-300 shows an important mass
loss between 320 and 530 °C that can be assigned to the
simultaneous loss of hydroxyl and carbonate groups. In
contrast, [Mg3Al-LDH], [Pd/Mg3Al-LDH] and [Pd/Mg3Al-LDH]-150
materials present, as well as a larger loss of interlayer water at a
temperature lower than 250 °C, the hydroxyl and carbonate

Figure 1. (A) XRPD patterns, (B) DTG profiles, (C) 27Al MAS NMR spectra and (D) CO2-TPD analysis of selected [Pd/Mg3Al-LDH] materials (with a 0.75 wt% Pd)
and [Mg3Al-LDH] support. JCPDS 00-046-1043 comprises the reference diffractogram used for the assignment of the metallic Pd phases (111), (200), (220) and
(311), JCPDS-541030 for LDH phases (003), (006), (012), (015), (018), (110) and (113), and JCPDS 71-1176 for MMO phases (200) and (220).
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groups loss in two phases, one at <350 °C and another at
<450 °C (Figure 1, B). This evidence further supports the differ-
ent LDH structure of [Pd/Mg3Al-LDH]-300 and suggests a partial
loss of hydroxyl groups in this material. In addition, thermogra-
vimetric study of [Pd/MgxAl-LDH]-300 materials was also
performed (Figure S20) and, for materials with a Mg/Al ratio
different to 3, the loss of interlayer water was observed at lower
temperatures and with less intensity. Hence, it is possible that
in the optimum [Pd/Mg3Al-LDH]-300 catalyst, the interlayer
water is interacting with higher strength. DTG profiles of
materials pyrolized at �400 °C confirm their MMO structure
(Figure 1, B).

Moreover, the partial dehydroxylation of [Pd/Mg3Al-LDH]-
300 was confirmed by 27Al MAS NMR. In fact, in Figure 1, C can
be observed that, while [Pd/Mg3Al-LDH] and [Pd/Mg3Al-LDH]-
150 present only a sharp signal at 10 ppm characteristic of Al
centers with octahedral (Oh) symmetry, [Pd/Mg3Al-LDH]-300
displays also another signal around 75 ppm assigned to
tetrahedral geometry (Td) Al centers.

[73,79,81] Both signals in this
material present a broad shape suggesting a disorted geometry.
Materials pyrolized at 300 °C with a different Mg/Al molar ratio,
[Pd/MgxAl-LDH]-300 (Figure S22), as well as [Pd/Mg3Al-LDH]
materials pyrolized at temperatures larger than 300 °C (Fig-
ure 1, C) also displayed similar 27Al MAS NMR spectra with
characteristic signals of octahedral (Oh) and tetrahedral geome-
try (Td) Al centers. To further characterize [Pd/Mg3Al-LDH]
materials pyrolized at different temperatures, they were
analyzed by CO2-TPD (Figure 1, D and Table S8). In the case of
[Pd/Mg3Al-LDH]-150 and [Pd/Mg3Al-LDH]-300, a single signal
centered at 402–414 °C was detected, coinciding with the
temperature of interlayer carbonate decomposition. Hence, for
these materials with LDH or partially dehydrated LDH structure
it was not possible to quantify their basic properties through
this method.[73] By contrast, [Pd/Mg3Al-LDH]-400, [Pd/Mg3Al-
LDH]-500 and [Pd/Mg3Al-LDH]-600 with MMO structure show
CO2 desorptions at a maximum temperature between 294–
479 °C, associated with moderate basic sites, and 558–625 °C,
corresponding with strong basic sites. In addition, the density
of their basic sites was quantified (Table S8) and it resulted to
be between 11.2–36.4 μmol CO2/g.

[73] Then, BET surface areas of
the [Pd/Mg3Al-LDH] materials pyrolized at different temper-
atures were quantified by nitrogen adsorption-desorption
isotherms (Table S7). An increase of the area was observed with
the increase in the pyrolysis temperature, reaching the highest
values (125.0–256.4 m2/g) for the materials with MMO
structure.[73] In the case of our optimal catalyst, [Pd/Mg3Al-LDH]-
300, an area of 12.3 m2/g was measured, similar to the ones of
LDH materials.

To complete the characterization of [Pd/Mg3Al-LDH]-300, it
was examined by high-angle annular dark-field-high-resolution
scanning transmission electron microscopy (HAADF-HRSTEM),
high resolution transmission electron microscopy (HR-TEM) and
energy dispersive X-ray (EDX) elemental analysis (Figure 2 and
Figure S26). Average Pd nanoparticles of 2.8 nm were measured
and its homogeneous dispersion over the partially dehydrated
LDH support was confirmed through EDX mapping.

At this point, we became interested in investigating the
kinetic features of our studied catalytic system. With this aim,
the yield time kinetic profile of the aminocarbonylation of
phenylacetylene 1 with N-methylaniline 2 at the optimized
conditions and catalyzed by [Pd/Mg3Al-LDH]-300 was inves-
tigated (Figure 3, A and B, Figure S2). In this experiment, an
initial rate of 5.5%/h for product 3 formation was measured,
and an induction period of 15 minutes was detected. The
presence of this induction period suggested a change in the Pd
centers nature under our reaction conditions. Hence, we
synthesized, characterized by XPS and catalytically evaluated a
series of materials in which [Pd/Mg3Al-LDH] was subjected to a
thermal treatment under different atmosphere conditions (Fig-
ure 3, Figures S3–S5). Thus, [Pd/Mg3Al-LDH]-300(B) was ob-
tained through calcination under air at 300 °C, while [Pd/Mg3Al-
LDH]-300(C) was synthesized after reduction with H2 at the
same temperature. In addition, [Pd/Mg3Al-LDH]-300(D) was
obtained after a first pyrolysis under N2 at 300 °C followed by a
reduction with H2 at 200 °C. To our delight, [Pd/Mg3Al-LDH]-
300(D) improved the obtained results with our up to now
optimal catalyst, [Pd/Mg3Al-LDH]-300, as it afforded quantitative
yields of alkynamide 3 with a 10.4%/h of initial rate and
avoiding the induction period (Figure 3, A and B, Figure S5).
Interestingly, [Pd/Mg3Al-LDH]-300(C), subjected to a hydroge-
nating treatment at 300 °C, also avoided the induction period,
but afforded alkynamide 3 in lower yield and initial rate (77%
and 5.9%/h) than the material first pyrolyzed at 300 °C and then
hydrogenated at 200 °C (Figure 3, A and B, Figure S4). By
contrast, [Pd/Mg3Al-LDH]-300(B), obtained by calcination, gave
a low yield of 3 (35%), a lower initial rate (3.6%/h) and
presented a longer induction period of 30 minutes (Figure 3, A
and B, Figure S3). Thus, both materials with a pyrolysis treat-
ment, [Pd/Mg3Al-LDH]-300 and [Pd/Mg3Al-LDH]-300(D), gave
place to the best yields of product 3, while only the hydro-
genated materials avoided induction period.

With the aim of elucidating which kind of Pd species
constitute these materials and being able to stablish a relation-
ship between their nature and their catalytic activity, the four
materials were analyzed by X-ray photoelectron spectroscopic
(XPS) technique (Figure 3, C–F). The Pd 3d spectrum of [Pd/
Mg3Al-LDH]-300 could be deconvoluted in four peaks corre-

Figure 2. (A) HAADF-HRSTEM images and Pd particle size distribution, (B)
HRTEM images and (C) EDX elemental mapping analysis of Pd, Mg, Al and O
for [Pd/Mg3Al-LDH]-300 material.
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sponding to two doublets: one at 334.4 eV (3d5/2) and 339.8
(3d3/2) corresponding to Pd(0) and another at 336.0 eV (3d5/2)
and 341.4 eV (3d3/2) belonging to Pd(II). Considering a depth of
measure in XPS around 6–8 nm, it could be quantified the
percentage of Pd(0) in 84%. By contrast, Pd 3d XPS spectrum of
[Pd/Mg3Al-LDH]-300(B) only showed a doublet at 336.6 eV (3d5/

2) and 341.8 eV (3d3/2) assigned to Pd(II), while the two materials
subjected to an hydrogenating treatment, [Pd/Mg3Al-LDH]-
300(C) and [Pd/Mg3Al-LDH]-300(D), displayed a doublet at
334.4–335.5 eV (3d5/2) and 339.7–339.9 eV (3d3/2) belonging to
Pd(0). Therefore, it appears that the two materials constituted
by only Pd(0) species, [Pd/Mg3Al-LDH]-300(C) and [Pd/Mg3Al-
LDH]-300(D), are the only ones not showing an induction
period. Considering the oxidative nature of this reaction, this
observation resulted in principle quite surprising. To further
understand the nature of these materials, their Mg 1s XPS
spectra was analyzed in comparison with the corresponding
spectrum of [Mg3Al-LDH]-300 (Figure S25). For all the materials,
an upshifting of the binding energy between 1 and 1.6 eV was
observed with respect to the support, which can be interpreted

as a decrease in electron density of Mg2+ species due to the
electron transfer from LDH Mg2+-OH group to Pd.[78] Moreover,
additional characterization was performed for [Pd/Mg3Al-LDH]-
300(B), [Pd/Mg3Al-LDH]-300(C) and [Pd/Mg3Al-LDH]-300(D) by
XRD (Figure S17), and 27Al NMR MAS (Figure S23), which
confirmed their partially dehydrated LDH structure.

Despite the similar nature of Pd in both hydrogenated
materials, [Pd/Mg3Al-LDH]-300(C) and [Pd/Mg3Al-LDH]-300(D),
they showed important differences regarding their catalytic
activity (Figure 3). To better understand this phenomenon, we
considered the possible reduction of the matrix under their
synthesis and studied [Mg3Al-LDH] temperature programmed
reduction (Figure S28). Thus, in the TPR profile of this LDH
material two positive peaks at maximum temperatures of 404
and 579 °C were observed, associated with the reduction of this
material, together with a negative peak at 492 °C that can be
explained by a H2 release. It is important to note that under this
thermal treatment MMO phases should be generated and it has
been reported in the literature the MgO capacity to adsorb and
release hydrogen.[82] Considering that the first H2 adsorption

Figure 3. (A) Yield/time profile for the oxidative aminocarbonylation of 1 with 2 and CO/O2 in the presence of different [Pd/Mg3Al-LDH] materials. (B) Yield (at
16 h) and initial rate of formation of product 3 vs [%Pd(0)] detected by XPS analysis for different [Pd/Mg3Al-LDH] materials. Initial rate (r0) is the slope of the
linear equation: [3 (%)= r0×t (h)] defined at initial reaction times and expressed as [3 (%/h)] and without considering the points corresponding to the
induction period. (C� F) Pd 3d XPS spectra of [Pd/Mg3Al-LDH]-300, [Pd/Mg3Al-LDH]-300(B), [Pd/Mg3Al-LDH]-300(C) and [Pd/Mg3Al-LDH]-300(D) materials. [Pd/
Mg3Al-LDH]-300: pyrolized at 300 °C under N2 flow; [Pd/Mg3Al-LDH]-300(B): calcined at 300 °C under air flow; [Pd/Mg3Al-LDH]-300(C): reduced at 300 °C under
H2 flow. [Pd/Mg3Al-LDH]-300(D): pyrolized at 300 °C under N2 flow and then reduced at 200 °C under H2 flow.
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starts at temperatures near 300 °C, it is reasonable to propose
that the lower catalytic activity of [Pd/Mg3Al-LDH]-300(C) could
be influenced by the different nature of the support in this
material reduced at 300 °C.

To gain further evidences that assist us in the under-
standing of the reaction mechanism and its relationship with
the material structure, we investigated [Pd/Mg3Al-LDH]-300
structure after reaction by XRPD (Figure S13), 27Al MAS NMR
(Figure S21), HAADF-HRSTEM (Figure S27) and XPS (Figure S24).
XRD and 27Al MAS NMR did not show any significant change
with respect to the fresh material, confirming that the partially
dehydrated LDH structure was maintained after reaction and no
large Pd nanoparticles appeared. Moreover, the absence of
large Pd nanoparticles was confirmed by HAADF-HRSTEM that
showed a good dispersion of Pd species with an average size of
3.3 nm. XPS study of the used [Pd/Mg3Al-LDH]-300 material
displayed a Pd 3d spectrum with two doublets assigned to
Pd(II) and Pd(0), with very similar binding energy values to the
ones found in the fresh material. In addition, a similar
proportion of Pd(0) and Pd(II) could be quantified, 76% of Pd(0)
and 24% of Pd(II). Mg 1s spectrum also showed a signal at very
similar binding energy to the one found for the fresh [Pd/
Mg3Al-LDH]-300. Interestingly, a doublet in the I 3d area was
detected at 618.5 eV (3d5/2) and 630.0 eV (3d3/2). It has been
described in the literature that I 3d5/2 BE for I atomically located
on metal surfaces is expected between 618.5 and 619.7 eV.[83]

Hence, our results suggest that iodide from TBAI could be
interacting with Pd nanoparticles forming [PdI2] species onto
the support surface.[84]

Considering all these results, and discarding a radical type
pathway (Table S3), we have proposed a mechanism (Figure 4)
in which the main active species are [PdI2] centers located in
the surface of the matrix support. In the context of an oxidative
process, the presence of an induction period only for the
materials containing Pd(II) species in their structure could be
explained if a first fast oxidation of iodide from TBAI occurs.
Thus, in the presence of I2, the formation of the [PdI2] centers
would be more efficient through a redox process with Pd(0)
centers. In fact, this was confirmed performing the reaction
with [Pd/Mg3Al-LDH]-300(D) as catalyst and employing I2 an
additive in 2.5 mol% instead of TBAI. Under these reaction
conditions, the corresponding propiolamide 3 was obtained
with a 78% yield. This would explain the better catalytic activity
of [Pd/Mg3Al-LDH]-300(D), as well as the absence of an
induction period for the two hydrogenated materials. By
contrast, [Pd/Mg3Al-LDH]-300(B), with only Pd(II) species, would
have more difficulties in forming [PdI2] centers in the presence
of large amounts of I2, which would explain its worse catalytic
activity and long induction period. On the other hand, the
presence of an induction period of 15 minutes in the case of
[Pd/Mg3Al-LDH]-300 with a 16% of Pd(II), would be explained if
this oxidized Pd species are more abundant in the surface of
the Pd nanoparticles (Figure 4). Once [PdI2] centers are formed
onto the surface matrix support (intermediate II), we propose
that the mechanism undergoes through the first activation of
the corresponding amine mediated by LDH basic centers
(intermediate III), followed by its Pd coordination and CO

insertion to give intermediate IV. Then, the alkyne activation
mediated by LDH basic centers and its coordination to Pd
centers should occur to form intermediate VI. This intermediate
could undergo reductive elimination to finally afford the
alkynamide and VII containing Pd(0) centers, which should get
reactivated through its oxidation in the presence of O2 and
iodides.

The heterogeneous nature of the most active catalysts, [Pd/
Mg3Al-LDH]-300 and [Pd/Mg3Al-LDH]-300(D), was verified by a
filtration test (see SI, section 6.1, Figures S6 and S7). Moreover,
the reaction mixtures after these experiments were analyzed by
inductively coupled plasma (ICP) indicating only a 3% of Pd
leached (see SI, section 6.2). ICP measurements were also
performed in the catalysts after usual reaction conditions
confirming a good stability in the Pd content of the materials
after their use (0.72 wt% vs 0.75 wt% in the fresh materials).
Hence, the reusability of the catalytic system was studied with
[Pd/Mg3Al-LDH]-300, for practical reasons, and using a freshly
pyrolized material after each use to ensure organic material
elimination. Gratifyingly, the catalyst resulted reusable for three
catalytic cycles (Table 2, entries 20–22).

Having established the remarkable catalytic performance of
[Pd/Mg3Al-LDH]-300(D) for promoting the aminocarbonylation
of 1 with 2 in the presence of CO/O2, as well as its robustness,
we became interested in evaluating its range of synthetic
applicability in the aminocarbonylation of a variety of terminal
alkynes in combination with a broad diversity of aromatic and
aliphatic amines (Scheme 2 and 3). Initially, N-methylaniline 2
was reacted under the optimized conditions (2.5 mol% Pd
catalyst with a 0.75 wt% Pd in the material, 5 mol% TBAI,
15 bar CO, 5 bar O2, 80 °C, 16 h and EtOAc as solvent) with a
wide variety of aromatic alkynes (Scheme 2). In specific cases
and to ensure a total conversion of the alkyne and/or improving
final propiolamide yield, reaction conditions implying larger
CO/O2 pressures (20/5 bar) and higher reaction temperature
(120 °C) were applied. To our delight, apart from N-methyl-N,3-
diphenylpropiolamide 3 isolated in 90% yield, several substi-
tuted propiolamides, 4–15, obtained from orto-, meta-, and
para-substituted phenylacetylenes could be isolated in moder-
ate to excellent yields (58–91%). It is important to note that our
protocol tolerated either phenylacetylenes bearing electron-
donating groups (EDG) such as methyl, methoxy or dimethyla-
mino, as well as electron-withdrawing groups (EWG) as
trifluoromethyl, nitro, chloride or methylcarboxylate. In addi-
tion, 1-ethynylnaphthalene in combination with 2 also afforded
the desired propiolamide product 16 in 69% yield. Relevant
heteroaromatic alkynes, containing pyridine and thiophene
scaffolds in their structure yielded the desired N-methyl-N-aryl-
3-heteroarylpropiolamides 17–19 very efficiently (74–80%).
Harsher conditions regarding temperature and pressure were
employed with some electron deficient alkynes, such as
chlorine, trifluoromethyl or nitro substituted phenylacetylenes,
as well as pyridine substituted alkynes. Gratifyingly, our
designed [Pd/Mg3Al-LDH]-300(D) system was also highly effec-
tive to perform the aminocarbonylation between N-methylani-
line 2 and challenging aliphatic terminal alkynes. Thus, a variety
of aliphatic alkynes either featuring linear and cyclic chains,
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with an internal cyclic alkene and hydroxy or phthalimido
groups as substituents were fully tolerated producing the
desired N-methyl-N-phenyl-3-alkyl(substituted)propiolamides
20–25 in 58–88% isolated yields.

As commented above, up to date there is no described
protocol for performing the oxidative aminocarbonylation of
alkynes with aromatic amines due to the low nucleophilicity of
these substrates. Considering that our methodology resulted
successful employing N-methylaniline 2, the evaluation of a
large diversity of aromatic amines, including N-heterocycles,
was of interest. Scheme 3 showcases this study in which we
could prove the large versatility of our catalytic protocol for
performing the aminocarbonylation of phenylacetylene 1 with
a wide range of N-(hetero)aryl-based amines. In general, with

few exceptions, for achieving good yields of the corresponding
alkynamide target compounds, slightly harsher conditions
(120 °C and 20/5 bar of CO/O2 mixture) were needed. To our
delight, [Pd/Mg3Al-LDH]-300(D) nanocatalyst was highly effec-
tive towards the aminocarbonylation of phenylacetylene 1 with
several N-methyl(substituted) anilines bearing either EDG
(methyl, phenyl, methoxy, trifluoromethoxy) or EWG (halogen
or nitrile) as substituents in orto, meta- and para-positions and
affording propiolamides 26–35 in 69–95% isolated yields. In
fact, even halogen-disubstituted anilines, yielded the desired
propiolamides 36 and 37 in good yields (68–83%). In addition,
N-methylnaphthalen-1-amine and N-methylpyridin-3-amine, as
an example of interesting heteroaromatic aniline, were also

Figure 4. Proposed mechanism for the [Pd/Mg3Al-LDH]-300(D)-catalyzed oxidative aminocarbonylation of alkynes with amines and CO/O2 mixture. [Pd/Mg3Al-
LDH]-300 and [Pd/Mg3Al-LDH]-300(B) schematic representations.
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successfully employed and gave place to the target products 38
and 39 in 72 and 60%, respectively.

Furthermore, several N-alkylanilines with a variety of
primary and sterically hindered secondary alkyl groups, such as
i-Pr, cyclohexyl and benzyl-, were exposed to the reaction
conditions and the corresponding products 40–44 were
accessed in 69–80% yields after isolation. Interestingly, two
highly challenging N,N-diarylamines could be converted to the
desired N,N,3-tris(arylsubstituted)propiolamides 45 and 46 in
moderate to good yields after isolation (47 and 87%,
respectively). At this point, we were interested in applying our
catalytic protocol to the employment of relevant N-aryl based
heterocycles as amine nucleophiles in the oxidative amino-
carbonylation of 1. Gratifyingly, several N-aryl heterocycles
including indolines, indols and tetrahydroquinolines bearing
several types of chemical substitution such as methyl, bromine,

methoxy, fluoro and even nitro groups underwent the desired
reaction giving the target N-(aryl-based heterocycle)-3-aryl-
propiolamides 47–56 in good to excellent isolated yields (63–
97%). Notably, this is the first example where this kind of N-
heterocyclic amines have been employed as nucleophiles in
this reaction. Finally, our developed Pd nanocatalyst demon-
strated a remarkable applicability in the aminocarbonylation of
1 with N,N’-dialkylamines or N-alkyl based heterocycles as
nucleophiles. Given the higher nucleophilicity of aliphatic
amines, milder reaction conditions could be employed in these
cases (5 bar CO, 1 bar O2 and 80 °C). By using that conditions,
several N-alkyl-3-arylpropiolamides 57–65 were obtained in
excellent isolated yields (79–98%). It is interesting to remark the
high chemoselectivity N- vs O-nucleophile observed in the
formation of the propiolamide 59 (79%). Furthermore, propiola-
mide 63, a structural derivative of the drug donepezil® used for

Scheme 2. [Pd/Mg3Al-LDH]-300(D)-catalyzed oxidative aminocarbonylation of (hetero)aromatic and aliphatic terminal alkynes with N-methylaniline 2 and CO/
O2. Standard reaction conditions: alkyne (0.127 mmol), N-methylaniline 2 (21 μL, 0.19 mmol, 1.5 equiv.), [Pd/Mg3Al-LDH]-300(D) (2.5 mol% Pd, 0.75 wt% Pd in
the material, 45 mg), TBAI (5 mol%, 0.006 mmol, 2.3 mg), CO/O2 (15/5 bar), EtOAc (1 mL) at 80 °C during 16 h. Isolated yields after column chromatography on
silica are given between parentheses. [a] Run under CO/O2 (20/5 bar) at 120 °C.
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Alzheimer disease treatment, and 65, containing a structural
fragment of the drug buspirinone® (Buspar) commercialized for
anxiety disorders, were also obtained in very good yields.

Therefore, more than 60 substituted propiolamide deriva-
tives were accessed by using our catalytic aminocarbonylation
process (Scheme 2 and 3), being 27 of them novel molecules,

Scheme 3. [Pd/Mg3Al-LDH]-300(D)-catalyzed oxidative aminocarbonylation of phenylacetylene 1 with (hetero)aromatic and aliphatic secondary amines and
CO/O2. Standard reaction conditions: phenylacetylene 1 (14 μL, 0.127 mmol), amine (0.19 mmol, 1.5 equiv.), [Pd/Mg3Al-LDH]-300(D) (2.5 mol% Pd, 0.75 wt% Pd
in the material, 45 mg), TBAI (5 mol%, 0.006 mmol, 2.3 mg), EtOAc (1 mL), CO/O2 (20/5 bar) at 120 °C during 16 h (for N-alkyl-N-(het)arylamines), CO/O2 (5/
1 bar) at 80 °C during 24 h (for N,N-dialkylamines). Isolated yields after column chromatography on silica are given between parentheses. [a] Run under CO/O2

(15/5 bar) at 80 °C during 16 h. Cy=cyclohexyl. Bn=benzyl.
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what shows the important applicability, versatility (aromatic
and aliphatic can be likewise employed) and great potential of
the developed methodology.

Conclusions

In conclusion, we report here the first heterogeneous reusable
nanocatalyst able to selectively mediate the oxidative amino-
carbonylation of alkynes with poorly nucleophilic aromatic
amines in the presence of CO/O2 mixture to afford valuable N-
arylpropiolamides. The key of this work relies on the design of a
catalytic material composed by small Pd nanoaggregates
(2.8 nm average size) homogeneously distributed over a
partially dehydrated LDH matrix. [Pd/Mg3Al-LDH]-300, com-
posed by Pd(0) and Pd(II) species, and [Pd/Mg3Al-LDH]-300(D),
containing Pd(0) species exclusively, have shown to be active
materials for this transformation. Mechanistic, kinetic and
characterization studies have allowed us to propose [PdI2]
species formed at the surface of the matrix support as the
active centers mediating this transformation. These species are
generated in situ in the active materials under the optimal
reaction conditions employing TBAI/O2 as oxidizing system.
Under these conditions, we could elucidate that [Pd/Mg3Al-
LDH]-300(D) is the most active catalyst as it gives place more
efficiently to [PdI2] active centers catalyzing the aminocarbony-
lation of alkynes with high initial rates and avoiding an
induction period. Moreover, a detailed characterization (XRPD,
27Al MAS NMR, TGA, TPD-CO2, BET surface area) of several [Pd/
MgxAl-LDH] materials pyrolized at different temperatures has
revealed that the use as support of a partially dehydrated LDH,
with a small crystallite size, remanent interlayer water strongly
bound, partially dehydroxylated and a with Mg/Al ratio of 3
gives place to a nanomaterial with the suitable acid-base
properties for promoting the activation of aromatic amines in
this process. In fact, this is the first reported catalyst system,
either of homogeneous or heterogeneous nature, able to
perform the aminocarbonylation of alkynes using aromatic
amines, including N-aryl heterocycles and even N,N-diaryl-
amines. The applicability and versatility of this nanostructured
catalytic system has been demonstrated by the synthesis of
more than 60 alkynamides, being 27 novel molecules, which
shows the great potential of this method, also applicable to
aliphatic amines. Furthermore, the stability of the most active
catalysts has been proved. From our viewpoint, this work is an
interesting example of application of LDH-based nanomaterials
with a careful tuning of their structure and properties as
catalysts in a sophisticated organic transformation, that cer-
tainly can open the door to further organic applications of this
type of systems.

Experimental Section
General Information. [MgxAl-LDH] supports and [Pd/MgxAl-LDH]
catalysts without thermically treatment or pyrolized under N2 flow
and/or reduced under H2 flow or calcined under air flow, at the
indicated temperature, were analyzed in powder by X-ray powder

diffraction (PXRD) using a Cubix-Pro PANalytical diffractometer
equipped with a detector PANalytical X'Celerator (CuKα radiation).
The wt% amount of Mg and Al in the [MgxAl-LDH] supports and
the wt% amount of Pd contained in the fresh and used [Pd/MgxAl-
LDH] catalysts was determined by inductively coupled plasma-
atomic emission spectrometer (ICP-AES) using a Varian 715-ES after
the dissolution of the solid samples in HF:HNO3 :HCl aqueous
solution (1 : 1 : 3 vol). The wt% amount of carbon present in the
[MgxAl-LDH] supports was determined by elemental analysis using
a EURO EA elemental analysis equipment (Eurovector) coupled with
a TCD. Thermogravimetric analysis (TGA) experiments were per-
formed in a Netzsch STA 449 F3 Jupiter thermal analyser, using
10 mg of material and increasing the temperature from room
temperature to 900 °C with a heating ramp of 10 °C/min under air
flow. Liquid nitrogen adsorption was analyzed using N2 adsorption
isotherms at � 196 °C in a Micromeritics FlowSorb equipment. The
specific surface areas of the materials were calculated by applying
the Brunauer-Emmett-Teller (BET) model over the rage P/P0=0.05–
0.25 of the isotherms. Fresh and used [Pd/Mg3Al-LDH]-300 catalyst
was observed by HRSTEM and HRTEM by using a JOEL JEM 2100F
electron microscope working at 200 kV. Temperature-Programmed
Reduction with H2 (H2-TPR) experiments were carried out in a
Micromeritics Autochem 2910 equipped with a TCD detector, using
50 mg of the corresponding material, and increasing the temper-
ature from room temperature to 900 °C with a heating ramp of
10 °C/min, under 10% H2/Ar (vol%) and a constant flow rate of
50 ml/min. CO2 thermo-programmed desorption (CO2-TPD) profiles
were obtained after a previous pretreatment step of the previously
pyrolized [Pd/Mg3Al-LDH]-Tpyr. materials at the indicated temper-
ature (100 mg with a pellet size of 0.4–0.8 nm) under a He flow
from room temperature to 100 °C for 2 h, after cooling up to 50 °C,
adsorption of the CO2 was allowed at 50 °C, followed of the
cleaning step using He flow in order to eliminate of the
physiosorbed CO2 and the thermo-programmed desorption was
carried out by heating the samples from 50 °C to 900 °C with a
heating rate of 10 °C/min. The evolved CO2 was analyzed using a
Micromeritics Autochem II equipped with a TCD detector on-line
connected with an Omnistar mass spectrometer. 27Al MAS NMR
spectra 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). The XPS spectra were
recorded with a SPECS spectrometer equipped with a Phoibos 150
MCD-9 multichannel analyzer, using a non-monochromatic Mgkα
(1253.6 eV) or Alkα (1486.6 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.

General Procedures for Materials Preparation

[Pd/Mg3Al-LDH]-Tpyr. (Tpyr.=150, 300, 400, 500 or 600 °C) materials
with a 0.75 wt% of Pd were prepared by impregnation at room
temperature of [Mg3Al-LDH] support (992.5 mg) with a solution of
[Pd(acac)2] (21.3 mg, 0.07 mmol) in acetone (50 mL). The mixture
was stirred 16 h and then evaporated to dryness under vacuum at
80 °C. The resulting powder was pyrolized at the noted temperature
(150, 300, 400, 500 or 600 °C) during 3 h under N2 flow (100 mL/
min) with a heating ramp of 2 °C/min to obtain the pyrolized
catalyst. [Pd/Mg3Al-LDH]-based materials, with a 0.25, 1.5 or 3 wt%
of Pd loading, were obtained following the same method but
employing the required amounts of [Pd(acac)2] and [Mg3Al-LDH] in
each case. For the synthesis of the corresponding [Pd/support]-500
or � 300 materials with different supports, the same general
procedure was followed changing the [Mg3Al-LDH] support by
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[La2O3], [MgO], [CeO2], [Al2O3], [MgAl2O4], [Mg2Al-LDH], [Mg4Al-LDH]
and [Mg5Al-LDH], applying the indicated pyrolysis temperature (300
or 500 °C). Commercial [La2O3], [MgO], [CeO2] and [MgAl2O4]
supports were calcined at 500 °C during 2 h under air flow (100 mL/
min) with a heating ramp of 5 °C/min before their use. Dehydrated
lamellar double hydroxide support [dh-LDH] (without Pd) was
obtained by pyrolysis of commercially available [Mg3Al-LDH]
support at 300 °C during 3 h under N2 flow (100 mL/min) with a
heating ramp of 2 °C/min. [Pd/Mg3Al-LDH]-300(A) material with a
0.75 wt% of Pd was prepared by impregnation at room temper-
ature of a previously pyrolized [Mg3Al-LDH] support (at 300 °C, N2

flow, 2 °C/min) (992.5 mg) with a solution of [Pd(acac)2] (21.3 mg,
0.07 mmol) in acetone (50 mL). The mixture was stirred 16 h and
then evaporated to dryness under vacuum at 80 °C. The resulting
powder was pyrolized at 300 °C during 3 h under N2 flow (100 mL/
min) with a heating ramp of 2 °C/min to obtain the pyrolized
catalyst. [Pd/Mg3Al-LDH]-300(B), [Pd/Mg3Al-LDH]-300(C) and [Pd/
Mg3Al-LDH]-300(D) materials were synthetized as the above-
mentioned [Pd/Mg3Al-LDH]-300 material but with modifications in
the thermically treatment step applied to the just impregnated [Pd/
Mg3Al-LDH] catalyst as follows: [Pd/Mg3Al-LDH]-300(B) was ob-
tained after calcination under air flow (100 mL/min) at 300 °C
during 3 h with a heating ramp of 2 °C/min, [Pd/Mg3Al-LDH]-300(C)
was obtained after reduction under H2 flow (100 mL/min) at 300 °C
during 3 h with a heating ramp of 2 °C/min and [Pd/Mg3Al-LDH]-
300(D) was obtained after pyrolysis under N2 flow (100 mL/min) at
300 °C during 3 h with a heating ramp of 2 °C/min followed by
reduction under H2 flow (100 mL/min) at 200 °C during 3 h with a
heating ramp of 2 °C/min.

General Catalytic Procedures

General procedure for the catalytic studies in the heterogene-
ously Pd-catalyzed oxidative aminocarbonylation of phenylacety-
lene (1) with N-methylaniline (2) and CO/O2 mixture. A 8 mL glass
vial containing a stirring bar was sequentially charged with phenyl-
acetylene 1 (14 μl, 0.127 mmol), N-methylaniline 2 (21 μL,
0.19 mmol, 1.5 equiv.), [Pd/Mg3Al-LDH]-Tpyr. (1, 1.5 or 2.5 mol% Pd,
0.25 to 3 wt% Pd in the material), TBAI (2.5 or 5 mol%), n-
hexadecane (19.3 mg, 0.09 mmol) as internal standard and EtOAc
(1 mL) as solvent under air atmosphere. Afterwards, the reaction
vial was capped with a septum equipped with a syringe and set in
the alloy plate, which was then placed into a 300 mL autoclave.
Once sealed, the autoclave was purged once with 5 bar of O2, then
pressurized with 5 bar of O2 and 15 bar of CO (final pressure 20 bar
at room temperature) and placed into an aluminium block, which
was preheated at 60, 80 or 100 °C. After 4 or 16 h at the indicated
temperature, the autoclave was cooled in an ice bath, and the
remaining gas was carefully released. Finally, the reaction mixture
was diluted with ethyl acetate and analysed by GC.

General procedure for the synthesis of N,3-propiolamides via
[Pd/Mg3Al-LDH]-300(D)-catalyzed oxidative aminocarbonylation
of alkynes with amines and CO/O2 mixture. A 8 mL glass vial
containing a stirring bar was sequentially charged with the
corresponding alkyne (0.127 mmol), amine (0.19 mmol, 1.5 equiv.),
[Pd/Mg3Al-LDH]-300(D) (2.5 mol% Pd, 0.75 wt% Pd in the material,
45 mg), TBAI (5 mol%, 0.006 mmol, 2.3 mg), n-hexadecane
(19.3 mg, 0.09 mmol) as internal standard and EtOAc (1 mL) as
solvent under air atmosphere. Afterwards, the reaction vial was
capped with a septum equipped with a syringe and set in the alloy
plate, which was then placed into a 300 mL autoclave. Once sealed,
the autoclave was purged once with 5 bar of O2, then pressurized
with O2 (1 or 5 bar) and CO (5, 15 or 20 bar) (final pressure 6, 20 or
25 bar at room temperature) and placed into an aluminium block,
which was preheated at 80 or 120 °C. After 16 or 24 h at the

indicated temperature, the autoclave was cooled in an ice bath,
and the remaining gas was carefully released. Finally, the reaction
mixture was diluted with ethyl acetate, centrifuged and the
supernatant was analysed by GC. Then, the solvent was evaporated
at reduced pressure and the crude of the reaction was purified by
silica gel column chromatography (n-hexane/EtOAc) to give the
desired product.

Supporting Information

Additional experimental procedures, additional catalytic experi-
ments, compounds and materials characterization data are
included. The authors have cited additional references within
the Supporting Information.[85–91]
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