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ABSTRACT: Due to their conductive properties and optoelec-
tronic tunability, MXenes have revolutionized the area of
electrocatalysis and active materials in supercapacitors. In
comparison, there are only a few reports on MXenes as thermal
catalysts for general organic reactions. Herein, the unprecedented
catalytic activity of Ti;C, MXene for the hydroamination of alkynes
is reported, overcoming the limitations of poor activity, lack of
selectivity, and stability, which are generally encountered in the
solid catalysts known so far. In the case of Ti;C,, hydroamination
exhibits almost complete selectivity for the anti-Markovnikov
regioisomer, for both aliphatic amines and less-reactive aromatic
amines. Ti;C, also efficiently catalyzes intramolecular hydro-
amination, leading to the formation of indol heterocycles. The catalytic hydroamination of C—C multiple bonds is a reaction
with complete atom efficiency that may form C—N bonds from convenient reagents. The maximum number of hydroamination sites
on the TiyC, nanosheets is quantified by thermoprogrammed NH; desorption. The measured TOF values are on the order of 10>
h™, with the highest TOF value being 350 h™" for 1-hexyne hydroamination by n-butylamine. Therefore, Ti;C, is among the few
heterogeneous hydroamination catalysts studied, with its activity per site being comparable to the best hydroamination catalysts
reported so far. Density functional theory calculations on the models indicate the cooperation of neighboring Ti atoms in the
mechanism. Considering the compositional and structural versatility of MXenes, the present findings open the door for further
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application of MXenes in other general organic reactions.

B INTRODUCTION

In less than a decade, MXenes have become among the most
efficient electrocatalysts for the oxygen reduction (ORR) and
evolution (OER) reactions as well as for the hydrogen
evolution reaction (HER) and CO, reduction (CO2R),
among other electrochemical reactions.' ™ The high electrical
conductivity combined with a high metal percentage are two
favorable properties that have contributed to the growth of this
area, consolidating MXenes as efficient electrocatalysts.*
Besides electrocatalysis, MXenes are also increasingly used in
photocatalysis.”~” While conductive MXenes can replace noble
metal cocatalysts in photocatalytic systems using dyes or
semiconductors as photoresponsive components,lo_12 there is
increasing interest in obtaining semiconducting MXenes with
appropriate band alignment to exploit their intrinsic photo-
catalytic activity.'”'* Besides electro- and photocatalysis,
MXenes are increasingly used as components in super-
capacitors and batteries due to their excellent perform-
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MXenes are two-dimensional (2D) nanomaterials composed
of a few sheets of a one-atom-thick layer of early transition
metals alternating with a one-atom-thick layer of carbide,
nitride, or carbonitride.'””” The metal layers are always
external, and they have surface terminal groups. The general
formula of MXenes is M,,,X,, where M represents the early
transition metal, X is C, N, or C and N in various proportions,
and n is typically equal to or lower than 3. The bonds between
the layers have covalent and ionic characteristics, resulting in
unique physical properties and chemical versatility.

The external metal layers are bonded to surface terminal
groups, whose nature depends on the preparation procedure.
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The properties of MXenes are largely dictated by the surface
terminal groups. It is well established that the surface terminal
groups modulate the physical and electrocatalytic properties of
MXenes.”""** For the MXenes prepared by Al etching with F-
containing acid solutions of the corresponding MAX phase, the
surface groups bonded to the external metal layers are a
combination of F, O, and OH terminations."> The concept of
the present work is that the surface terminal groups bonded to
the metal, their vacancies, defects, and peripheral atoms can
become active sites in thermal catalysis able to interact with
adsorbates, thereby promoting chemical reactions.”!

The burst on the exploration of the potential that MXenes
offer in many areas sharply contrasts with the so far poor
interest that MXenes have received as thermal catalysts.”**
Following the lead in electrocatalysis, there are several reports
in which MXenes have been used as 2D supports for metal
nanoparticles and even single metal atoms for hydrogenation
and dehydrogenation reactions.”>~>* However, exploitation of
the intrinsic structural active sites that MXenes may have in
heterogeneous catalysis to promote chemical reactions in the
absence of additional metals remains almost unexplored.”” ™
This is somewhat surprising considering the versatility of
MXenes regarding composition, structure, tunability of the
surface terminal groups, and the general activity of transition
metal compounds as thermal catalysts.

In contrast with the few scattered experimental studies,
several theoretical calculations have predicted that MXenes
could be efficient thermal catalysts for some particular
reactions. In this regard, density functional theory (DFT)
calculations su§§est that surface-free MXenes adsorb high
amounts of H,™ and COZ,% making them suitable for CO,
hydrogenation. Thus, first-principles calculations predict that
hydrogen affinity, as an intrinsic property of —O— and —OH-—
terminated Ti,C MXenes, should correlate with the activity of
these 2D nanomaterials for C—H activation in light alkane
dehydrogenation.36 Similarly, DFT-based calculations indicate
that the most stable (100) surface of nonstoichiometric Ti,C
may become a plausible catalyst for methane activation in
combination with C-vacancies acting as reaction centers.”’
However, most of these theoretical studies consider surface-
free MXenes, which in most cases are not realistic models due
to the universal presence of surface terminal groups.

Given the current state of the art, it is clear that considerably
more effort should be devoted to exploring the uncharted
opportunities that MXenes offers in thermal catalysis. Besides
DEFT predictions, chemical intuition may consider MXenes as
potential catalysts for those chemical reactions already
reported for bulk transition metal carbides,®® metallocenes,®”
and other related early transition complexes having some
common structural traits with MXenes.*’

The present study aims to demonstrate the remarkable
catalytic activity of Ti;C, MXene to promote the hydro-
amination of alkynes,"' an important reaction in organic
synthesis for the formation of imines, enamines, and
secondary/tertiary amines. Hydroamination serves to obtain
key intermediates in the preparation of antibiotics (f#-lactams),
antihistaminic drugs (benadryl and chlortrimeton), anticancer
agents (carboplatin, camptothecin, and vinblastine), alkaloids
as well as some nitrogen heterocycles, among other N-
containing organic compounds with biological activity.**

Catalytic hydroamination results in the formation of C—N
bonds with complete atom efficiency without byproduct
generation, thus meeting the strictest requirements of green
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chemistry.”’ In comparison with other electrophilic additions
to C—C multiple bonds that are catalyzed by acids, nitrogen
basicity makes the use of Bronsted or Lewis acids problematic
as catalysts since they react preferentially with the amine,
leading to their deactivation. Other catalyst types, such as
supported noble metal nanoparticles*~** and metal com-
plexes,”” have been alternatively used as hydroamination
catalysts.

Most of the hydroamination catalysts reported so far are
soluble metal complexes, with the heterogeneous catalysts
being limited to only a few scattered examples, exhibiting much
less activity than soluble complexes.”"**** However, hetero-
geneous catalysts offer several advantages over homogeneous
catalysts, including facile recovery from the reaction mixture,
easy reaction workup, and the possibility of catalyst reuse,
which makes them of wide interest.

Ti complexes, including titanocenes having certain structural
similarities with Ti;C,, have been reported among the general
homogeneous catalysts for hydroamination.””*° The hypoth-
esis of the present study is that Ti MXenes could also exhibit
this type of catalytic activity.” As will be described below, due
to their mild acidity and ability to interact with amines, we
found that Ti;C, MXenes are among the most active and
stable heterogeneous solid catalysts reported so far for
hydroamination, forming products with almost complete
regioselectivity. Therefore, the present results uncover the
vast potential of MXenes as heterogeneous catalysts for general
organic reactions.

B EXPERIMENTAL SECTION

Synthesis of Ti;C, MXenes. One gram of Ti;AlC, (supplied by
Chemazone) was added to a solution of 5.96 g of NH,F and 40 mL of
HCI to etch the Al layers. This mixture was stirred at 50 °C for 24 h,
and then the suspension was filtered and washed with Milli-Q water
until a pH of 7. The resulting Ti;C, was delaminated by
ultrasonication (700 W) for S h using DMSO as the dispersing
agent. Afterward, the material was washed with ethanol to remove as
much DMSO as possible and then resuspended in Milli-Q water.
Large MXene flakes were decanted, and the supernatant was kept in
order to collect the exfoliated layers. Ti;C, was obtained from the
suspension by drying it at 70 °C overnight in a vacuum system.
Chemical analysis of Ti;C, MXene indicated Ti and Al contents of
58.02 and 0.70%, respectively.

Ti,C was prepared from commercial Ti,AlIC as reported
previously.”" Briefly, 2 g of Ti,AlIC was added to a 12 M HCI
solution mixed with 1.3 g of LiF to etch Al. The suspension was
magnetically stirred at S0 °C for 24 h. After this time, the resulting
solid was filtered and rinsed with water until a pH of 7. Subsequent
delamination of the Ti,C clay was carried out by stirring the solid in
10 mL of DMSO for 2 h, followed by washing the material with
ethanol and recovering the solid by centrifugation. Finally, the Ti,C
MXene was kept in an aqueous suspension under an Ar atmosphere to
minimize spontaneous oxidation.

Characterization. Textural characteristics (surface area and pore
size distribution) were determined from N, adsorption—desorption
isotherms at —196 °C using a Micromeritics ASAP 2010 Surface Area
and Porosity Analyzer. H, pulsed chemisorption and H, thermoprog-
rammed desorption (H,-TPD) measurements were carried out at a
Micromeritics AutoChem II 2920 station. Before H, adsorption, fresh
samples were heated at 450 °C at a rate of 10 °C min~" in 30 mL X
min~! He flow to desorb moisture and clean the solid surface.
Subsequently, the samples were cooled down to room temperature,
while maintaining a constant He flow. Afterward, the activated
materials were exposed to pulses of 5 vol % H, in He until the peak
area corresponding to H, gas became constant and no further H,
uptake was observed. Subsequently, H, thermal desorption was

https://doi.org/10.1021/jacs.4c13481
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Figure 1. High-resolution TEM images at different magnifications; scale bars: 10 (a), 5 (c), and 1 (d) nm. (b) SAED pattern of Ti;C, sheets,

revealing their high crystallinity.

carried out by heating the sample at a constant rate of 10 °C min™" in
He flow up to 450 °C. The acid—base properties of the investigated
catalysts were measured by CO, and NH;-TPD using the same
Micromeritics instrument. The samples, placed in a U-shaped quartz
reactor with a 0.5 cm inner diameter, were pretreated under He
(Purity 5.0, Linde) at 120 °C for 1 h and then exposed to a flow of
CO, or NH; (SIAD) for 1 h. After that, the samples were purged at
room temperature for 20 min with He flow (50 mL min™") in order to
remove the physisorbed species. TPD was then started at a heating
rate of § °C min™' up to 450 °C. The desorbed gas was quantified
with a TC detector. The desorbed NH; or CO,, expressed as
millimoles per gram of catalyst, was determined using a calibration
curve. The Supporting Information provides the corresponding raw
data for the surface area, pore size distribution, and chemisorption/
desorption measurements.

Powder X-ray diffraction (XRD) patterns were recorded on a
Shimadzu XRD-7000 diffractometer using Cu Ka radiation (4 =
1.5418 A, 40 kV, 40 mA) at a scanning rate of 2° X min~! in the 5—
90° 20 angle.

Raman spectra were acquired in the spectral region from 150 nm to
4000 cm™". Raman analysis was carried out with a Horiba Jobin Yvon-
Labram HR UV-—visible Raman microscope using the excitation
wavelengths of 325, 488, 633, and 785 nm.

High-resolution X-ray photoelectron spectroscopy (HR XPS)
measurements were performed with an AXIS Ultra DLD (Kratos
Surface Analysis) instrument operating under ultrahigh vacuum (10~
mbar basal pressure), equipped with a 165 mm hemispherical
analyzer, dual anode (Mg/Al Ka) X-ray source, and monochromat-
ized (Al Ka) X-ray source (hv = 1486.74 eV). In this study,
monochromatic (Al Ka) X-rays produced by an X-ray gun operating
at 144 W (12 kV X 12 mA) were used. A flood gun (charge balance
2.7V, filament current 1.5 A, and filament bias 1 V) was employed in
order to avoid sample charging effects. The acquisition setup was
operated in the spectrum FOV2 mode using 40 eV pass energy with
an analyzer aperture of 110 ym. Transmission electron microscopy
(TEM) images were acquired in a JEOL JEM 2100F instrument at an
accelerating voltage of 200 kV. The specimens were prepared by
depositing one microdrop of an ethanolic suspension of the material
onto a carbon-coated nickel TEM grid and allowing it to dry at room
temperature. Atomic force microscopy (AFM) images were obtained
using a Bruker Multimode AFM instrument by depositing a drop of

freshly dispersed Ti;C, sample in H,O on an atomically flat mica
surface using the tap method.

Catalytic Tests. All the starting substrates, including hexynes (1-
hexyne, 1-phenyl-1-hexyne, 1-phenylacetylene, and 4-octyne) and
amines (aniline, 4-ethylaniline, 2-/3-methylaniline, 3,5-dimethylani-
line, 2,6-dimethylaniline, anisidine, 4-aminophenol, n-butylamine, and
4-amino-1-butanol) and 2-(phenylethynyl)(aza)phenylamines, were
purchased from Sigma-Aldrich and used without any further
purification.

Hydroamination was carried out by suspending 1 mmol of amine, 2
mmol of 1-hexyne, and S mg of Ti;C, catalyst in 2 mL of toluene. In
the case of the experiment using Ti,C, an appropriate volume
corresponding to 5 mg of the aqueous Ti,C suspension resulting
directly from Al leaching was concentrated at low temperature under
reduced pressure, and the black solid was recovered with 2 mL of
toluene containing 1 mmol of 1-butanamine and 2 mmol of 1-hexyne
that were introduced into the reactor. The suspensions were placed in
a 7 mL stainless steel reactor. The reaction mixture was heated at 95—
160 °C under autogenous pressure and continuous magnetic stirring
(800 rpm) for 24 or 48 h, as required. The experiment under
pressurized conditions was carried out by first charging and sealing
the reactor at room temperature, which was subsequently pressurized
with N, at 10 bar before heating. After this time, the autoclave was
cooled down at room temperature, the catalyst was recovered by
centrifugation, and the reaction products were analyzed using the GC-
MS apparatus (Thermo Scientific: Trace 1310 chromatograph
coupled with an ISQ LT MS) equipped with a nonpolar GC
separation column (TG-SSilMS, 30 m X 0.25 mm X 0.25 um) with
He as the carrier gas. The temperature program was set to 45 °C for a
6 min dwell, then a 10 °C min™" heating ramp up to 240 °C, followed
by a 10 min dwell. Mass spectra were recorded in a positive
polarization mode, in the range of m/z 50—300 amu. The turnover
frequency (TOF) values were calculated from the number of
converted alkyne molecules divided by the number of active sites
present on the Ti;C, catalyst, calculated from the mmol gTiJCZ_1 of

NH; chemisorption and time, according to the following formula

Hydroamination molecules
TOF =

NH;sorbed molecules on the catalyst X time

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332
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Figure 2. (3, b) Frontal AFM images of Ti;C, MXene on an atomically flat mica support at different magnifications; and (c) statistical analysis of
thickness distribution measured by AFM for the Ti;C, MXene sample used as a catalyst.
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Figure 3. (a) XRD patterns of (1) MAX phase (Ti;AlC,); (2) Ti;AlC, after HCl + NH,F etching; (3) delaminated MXene flakes (Ti;C,); (b)
Raman spectra of the Ti;C, catalyst recorded at excitation wavelengths of 488 nm (black line) and 633 nm (red line). The green lines indicate the
wavenumber values indicated in the text, from left to right: 1599, 1389, 720, 622/621, 584, 380, 213, 154, and 128 cm™’, respectively.

The previous formula assumes that NH;, with a reactivity similar to
that of C;H,NH, amine, is an appropriate probe molecule to measure
the active sites in Ti;C,.

Product identification was based on GC/MS analysis.

DFT Calculations. All DFT calculations were carried out with
Gaussian 16 software,”” using B3LYP as exchange-correlation
functional,®® def2-SVP basis sets,”* and Grimme’s D3 dispersion
correction.”® Both the energy minimizations and the search for the
“saddle points” corresponding to the transition states (TS) were
carried out using Berny’s algorithm.*® The TSs were confirmed both
via a frequency analysis (observing a single negative frequency that
corresponds to the reagent product coordinate) and an intrinsic
reaction coordinate analysis®”*® to further confirm that the stationary
point is a true saddle point between both the reactant and product
minima.
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B RESULTS AND DISCUSSION

MXenes were prepared from the MAX phase following the
synthetic protocol previously reported by Lipotov et al.>’
Briefly, the MAX phase was chemically etched by dispersing
Ti;AIC, in an NH,F/HCI solution to etch the Al layer.
Afterward, the resulting accordion-like MXene was subjected
to ultrasonication for 5 h with DMSO to exfoliate the stacked
form into the MXene layers. The MXene layers were observed
by high-resolution TEM. Figure 1 shows the high-resolution
TEM images of MXene layers with an average lateral size of
around 80 nm. When the nanoparticle size in the aqueous
suspension was measured by dynamic laser scattering (see
below), the apparent nanoparticle size was somewhat higher,
with the maximum size distribution around 110 nm, probably

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332
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due to nanoparticle solvation. Selected area electron diffraction
(SAED) reveals a highly crystalline material at the nm length
scale, with well-defined bright spots in the SAED pattern of
various particles. It has been reported that the SAED pattern of
single-crystal Ti;C, is a hexagon,”’ and the fact that we
observed more than one would indicate the presence of
polycrystalline domains in our sample. The main preferential
plane in TiyC, is the (0001) basal plane. This plane is primarily
exposed after etching the Al layers from the parent Ti;AlC,
precursor, which leaves behind a 2D layered structure.

AFM is a useful characterization technique for 2D materials
that serves to determine the particle thickness with
subnanometric resolution. Figure 2 shows the AFM images
of the Ti—MXene samples under study in which a thickness
distribution between 3 and 9 nm with an average of about 7
nm was determined from the thickness measurement of a
statistically relevant number of particles. Interestingly, in
contrast to the vertical measurements that can be used to
determine particle thickness, frontal AFM images do not
provide accurate measurements of particle lateral size when the
size of the AFM tip used to obtain the images is not negligible,
as in the present case. Information on the lateral particle size
was obtained from the TEM images as described previously.
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The exfoliated Ti—MZXene samples were also characterized
by XRD. Figure 3a shows a comparison of the XRD patterns of
the pristine MAX phase, the resulting accordion-like MXene
after Al etching, and the exfoliated MXene layers used as
catalysts in the present study. The disappearance of the 26 39°
peak corresponding to diffraction along the (104) plane reveals
the absence of Ti;AIC, and confirms the formation of the
derived MXene phase. The newly emerged low-angle peak,
indexed as the (002) diffraction, is the characteristic peak of
unexfoliated, accordion-like Ti;C,. This accordion-like phase
consists of loose stacking of MXene sheets as reported for most
MZXenes, which implies that the Ti;AlC, MAX phase was
completely converted to Ti;C, MXene flakes. The (002) peak
of Ti;C, MXene broadens and downshifts significantly toward
a lower 20 angle of 5.94°. The more the (002) characteristic
peak shifts to a lower angle, the larger the interlayer spacing of
the nanosheets. In the present case, a value of 1.50 nm between
the layers was estimated from the XRD 260 value.

The Raman spectra of the investigated Ti;C, present the
expected bands corresponding to the various Ti—MXene
vibration modes due to carbide layers, Ti—C vibrations, and Ti
surface functional groups. The characteristic Raman peaks of
Ti;C, are indicated by the green lines in Figure 3b. Thus, the
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in-plane Ti;C, E, vibration modes appear at 154 and 621 cm™,

while the in-plane Ti;C,0, Eg vibration modes are recorded at
380 and 584 cm™. For the Ti;C,0, A,g vibration mode, the
Raman shift is 720 cm™" and the in-plane Ti;C,(OH), E,
vibration modes are recorded at 128 and 622 cm™". Finally, the
Ti;C,(OH), A,, mode appears at 213 em™L°" The peaks at
1389 and 1599 cm™ correspond to the D (peak attributable to
defects) and G modes of the carbon layer.**

Figure 4a shows the diffuse reflectance UV—vis—NIR (DR
UV—vis) absorption spectrum of the investigated Ti;C,
MZXene. The DR UV-—vis absorption spectrum of Ti,C,
presents a UV band in the region of 250—350 nm and a
broad tail with onset at about 500 nm.®>** In addition, the zeta
potential of the Ti;C, MXene suspension at neutral pH was
measured, giving a value of —45 mV, which corresponds to a
persistent suspension due to the Coulombic repulsion of highly
charged negative sheets (Figure 4b). Dynamic laser scattering
measurements establish a broad particle size distribution of the
suspended particles, centered at about 110 nm (Supporting
Information Raw Data Section). This apparent average size is
larger than that previously reported from TEM measurements
of about 80 nm since the values of laser scattering correspond
to the solvated Ti—MXene particles in comparison to dry
particles observed by electron microscopy. The composition of
Ti;C, MXene was confirmed by XPS analysis. Survey XP
spectra show the presence of Ti, C, O, and F. The peak
corresponding to Al was not detected in the survey XP
spectrum, confirming that the Al layers of the Ti;AlC,
precursor were removed with NH,F/HCI etching treatment.
High-resolution XPS spectra corresponding to the C 1s, O 1s,
and Ti 2p core levels of Ti;C, are presented in Figure S. The C
Is peak can be deconvoluted into three peaks, namely,
graphitic C at 284.6 eV, C bonded to Ti, shifted to lower
binding energies (284.0 eV), and C bonded to O, appearing at
higher binding energies (288.0 eV). On the other hand, Ti 2p
was deconvoluted into three peaks corresponding to Ti
bonded to C (454.4 V), to O (458.0 eV), and to F (463.0
eV). The analysis of the O 1s peak supports the conclusion
based on the analysis of the XPS C 1s and Ti 2p levels. In this
way, the two components of O 1s appearing at 529.0 and 531.0
eV can be assigned to surface terminal O atoms connected to
Ti,> while the third at $32.5 eV to O=C—OH.** All the
previous XPS data are in good agreement with the literature.®”
To further confirm the structure and quality of the Ti;C,
sample under study, X-ray absorption spectroscopy measure-
ments were carried out. Figure S shows the normalized Ti K-
edge X-ray absorption near-edge structure (XANES) spectra of
Ti;C, MXene and the references Ti foil, TiC, TiO,, and Ti,Os.
The edge energy of Ti;C, is close to that of TiC, which is
between the energies of the Ti foil and TiO,, indicating its
carbide nature with a valence state lower than +4. The x-pre-
edge is dominated by C(2p)-Ti(3d) hybridization, while the
main edge is dominated by Ti 1s — 4p excitation.”®*” Figure 5
also shows the Ti K-edge Fourier transform extended X-ray
absorption fine structure (FT-EXAFS) of the Ti;C, MXene
sample and the corresponding reference compounds. The
Fourier transform of the EXAFS spectra of Ti;C, MXene
shows first-shell scattering (Ti—C/O) similar to that of TiC
but with a second-shell scattering (Ti—C—Ti) lower than that
of TiC, which is consistent with the reduced dimensionality of
Ti;C, MXene in which there should be a high proportion of
surface Ti atoms. The EXAFS fitting curves and the fitting
results of Ti are shown in Figure SI and Table S1. All these
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spectra are in agreement with the reported data for other Ti;C,
samples, indicating that the results presented here should also
be valid for other Ti;C, samples.”

Table 1 presents the results of the pulsed H, chemisorption
and H,- CO,-, and NH;-TPD. The interaction of H, with

Table 1. Summary of the Pulsed H, Sorption and H,-, CO,-
and NH;-TPD Data

experiment temperature (°C) amount (mmol/g)
pulsed H, adsorption RT 27.95
H,-TPD 210 0.31
301 0.70
total 1.01
CO,-TPD 318 0.014
NH,;-TPD 316 0.004

MXenes can occur via physisorption, Kubas-type interaction
with the transition metal resulting in an elongation of the H—
H bond, but without dissociation, and dissociative H,
chemisorption that usually results in H spill over the whole
surface.”’ The combination of these three interactions of H,
with the MXene surface can explain the much higher amount
of H, sorption compared with the amount measured by H,-
TPD, with the difference corresponding to weakly physisorbed
H,. In H,-TPD, the presence of two broad peaks at 210 and
301 °C would indicate that there are two surface adsorption
sites on the 2D MZXene structure, probably associated with
terminal group vacancies, structural defects, and peripheral
atoms.””

Both the acidity and basicity of this material were rather
small (below 0.015 chemisorbed probe mmol/g, Table 1),
particularly considering the higher amount of sorbed H,
molecules, with a threefold higher intensity for CO, (basic
sites) than for NH; (acid sites). It is important to note here
that beyond the acidity measurement, information from NH;
titration of Ti;C, can also be taken as a quantitative
determination of the maximum density of sites that can
interact with amines and, therefore, an estimation of the
maximum population of sites that could participate in
hydroamination catalysis.

Since the reaction mechanism requires amine adsorption as
the first step (see below), NH; titration measurements can be
interpreted as an appropriate technique to determine the
maximum number of hydroamination sites present on Ti;C,. It
is also likely that NH; overestimates the density of active sites
on Ti;C, since NHj; is smaller and could be more basic than
the amines used as reagents in hydroamination, particularly
substituted aromatic amines.

B CATALYTIC ACTIVITY

As mentioned earlier, the hydroamination of alkynes is an
important synthetic reaction for the preparation of imines,
secondary amines, and nitrogen heterocycles in which acid
catalysis is frequently inefficient due to amine protonation.”
Acid catalyst deactivation is particularly notable for more basic
aliphatic amines. Titanium complexes have been reported as
molecular catalysts to promote hydroamination.”””*”> How-
ever, to the best of our knowledge, there are no heterogeneous
titanium catalysts able to promote the reaction, and the known
heterogeneous catalysts reported so far are very few and
frequently contain Au**’® and other noble metals.”””® The
main reason for the low hydroamination activity of Ti solids is
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Scheme 1. Electrophilic Addition of n-Butylamine to 1-Hexyne Leading to Two Possible Regioisomers (Markovnikov and
Anti-Markovnikov Products) Depending on the Position of the n-Butylamine Attack

e

/\/\N/

Markovnikov

anti-Markovnikov

the high oxophilicity of Ti that, by reaction with moisture,
forms stable titanium oxides that are devoid of catalytic
activity. Considering the advantages of heterogeneous catalysis
in terms of the easy separation of the reaction mixture and the
possibility of reuse, it is important to determine whether Ti;C,
MXene can act as a hydroamination catalyst. From the
preliminary NH;-TPD data, it could be predicted that, if any,
the Ti;C, catalytic activity should be very low due to the low
site density. Initial catalytic studies were carried out using a
more basic aliphatic amine.

Hydroamination of 1-Hexyne with n-Butylamine. A
blank control shows that no products are formed under the
reaction conditions in the absence of a catalyst or when TiO, is
used as a solid catalyst. In contrast, it was found that Ti;C,
MXene promotes the electrophilic addition of n-butylamine to
1-hexyne, forming predominantly one of the two possible
regioisomers depending on the position of the n-butylamine
attack (Scheme 1). Working under an N, atmosphere, the
selectivity of the reaction was 99:1 in favor of the anti-
Markovnikov product.

Figure 6 shows the results of the hydroamination of 1-
hexyne with n-butylamine on the Ti;C, catalyst as a function of
the reaction temperature. As can be seen in Figure 6, the
conversion increased significantly in the temperature range
from 140 to 160 °C and with the reaction time but without
influence on the product selectivity, which was constant at 99:1
for the anti and Markovnikov isomers, respectively. This
indicates that both regioisomers are the primary products that
are stable under the reaction conditions. For the quantification
of active sites, the similarity between NH; adsorption and
organic amine adsorption was considered. It is proposed that
the active sites interacting with the amine correspond to a
fraction of the Lewis acid sites titrated by NH;-TPD in which
Ti atoms interact with NH; and, therefore, possibly also with
amines. In this way, knowing that the NH; molecules adsorbed
per gram of Ti;C, as shown in Table 1, the minimum limit for
the TOF values can be calculated. It should be noted that
compared to NHj, alkylamines have larger molecular sizes that
could preclude their interaction with some Ti atoms on the
Ti;C, sheet due to steric encumbrance. Therefore, the TOF
values based on NHj titration should be taken as the lowest
TOF estimate since certain Ti atoms with steric restrictions
can adsorb NH; but are unable to adsorb larger molecules.
Therefore, the number of active sites could be much lower. As
shown in Figure 6, the TOF values measured for conversions
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Figure 6. Hydroamination of 1-hexyne with n-butylamine under
various conditions. Top: variation in 1-hexyne conversion and
selectivity to the anti-Markovnikov imine with temperature and
time; bottom: TOF values at different times and temperatures.
Reaction conditions: 5 mg Ti;C,, 2 mmol 1-hexyne, 1 mmol n-
butylamine, 2 mL toluene, and N, atmosphere.

>5% increased with temperature, while remaining unchanged
from 24 to 48 h (Figure 6). This indicates that the sites initially
present in the fresh catalyst remain active during the reaction
without undergoing deactivation. Otherwise, the initial TOF
values should be higher than the TOF values calculated at
longer reaction times when deactivation could have occurred
to some degree. The maximum yield of N-hexylidene-1-
butylamine under reaction conditions of 160 °C for 48 h was
34%. To determine the influence of pressure on hydro-
amination, an additional reaction was carried out using the
same amounts of reagents and Ti;C, catalyst with the same
toluene volume; however, the reactor was pressurized with N,
at 10 bar at ambient temperature. Then, the reaction was
carried out at 160 °C for 24 h, whereby the anti-Markovnikov

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332


https://pubs.acs.org/doi/10.1021/jacs.4c13481?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13481?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13481?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13481?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13481?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13481?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 2. Comparison of the Catalytic Activity of Ti;C, with those of Other Related Homogeneous and Heterogeneous

Hydroamination Catalysts

catalyst
Ind,TiMe, (Ind: indenyl)
bisamidate bis(diethylamine)titanium
DPymTi(NMe), (DPym:dipirrolylmethane)
V(NMe,),
titanocene. TMSC=CTMS (TMS: trimethylsilyl)
Cu*/p zeolite”
Cu—K-10 (K-10: montmorillonite)

reagents

n-octyne toluene
n-hexyne aniline
n-hexyne aniline

n-hexyne aniline

n-hexyne aniline

n-hexyne benzylamine

phenylacetylene aniline

Au/ZnO phenylacetylene aniline
Au—chitosan—SiO, n-hexyne aniline

Ti;C, MXene n-hexyne butylamine
Ti;C, MXene n-hexyne aniline

conditions TOF (h™') ref
catalyst S mol %, 105 °C, 1 h 20 83
catalyst S mol %, 65 °C, 24 h 0.80“ 84
catalyst S mol %, 25 °C, S min 120° 85
catalyst 10 mol %, 80 °C, 20 h 0.30% 75
catalyst S mol %, 100 °C, 24 h 0.78 50
catalyst 0.1 Cu mol %, 111 °C, 8 h 1657 48
catalyst 0.1 Cu mol %, 80 °C, 20 h 0.7 86
catalyst 0.5 Au mol %, 100 °C, 7 h 20° 87
catalyst 1.1 Au mol %, 100 °C, 2 h 452b¢ 88
catalyst 5 mg, 140 °C, 24 h 350 this work
catalyst S mg, 160 °C, 24 h 100 this work

“Estimated from the reported data. “Markovnikov as the main regioisomer “Ketone by imine hydrolysis was formed together with imine in 45%

4Cu* ions are unstable and tend to undergo spontaneous oxidation.

hydroamination product was formed in 28% yield with a TON
of 583 h™".

The general catalytic activity of the Ti MXenes was
confirmed by using Ti,C as the catalyst. It is known that
Ti,C undergoes spontaneous oxidation in an aqueous
suspension in the presence of air. Under these conditions,
the black Ti,C material was oxidized to white TiO,. It has been
reported that this oxidation can be avoided by storing the
aqueous Ti,C suspension under Ar, avoiding exposure to 0,"”
A control using the white material as the hydroamination
catalyst did not result in the formation of the hydroamination
product, indicating that the TiO, derived from Ti,C is totally
inactive as a catalyst. In contrast, black Ti,C catalyzed the
reaction of 1-butylamine and I-hexyne giving 9.0% of the
hydroamination product after 48 h under a N, pressure of 10
bar at 200 °C.

Thus, it is important to rank the catalytic activity of Ti;C,
compared with other heterogeneous or homogeneous catalysts.
Table 2 provides a comparison of the TOF values obtained for
Ti;C, with those reported in the literature for other catalysts.
As can be seen in Table 2, the TOF values of Ti;C, (on the
order of 10 h™") were, indeed, very high with respect to the
values reported for hydroamination, which is attributed to the
adequate acid strength of the Ti;C, sites and the possible
cooperation of two or more Ti atoms in the reaction
mechanism. It should be noted that too strong acidity is
detrimental due to the inactivation of the amine reagent. Thus,
the electron density provided by the negative carbide ions of
the underlayer in Ti;C, seems to tune the Lewis acid on Ti. In
addition, proper control of the surface terminal groups (—F,
—O—, and —OH) could also result in further optimization of
the Ti;C, catalytic activity. It is worth noting that a control
using TiO, as the catalyst does not lead to measurable product
formation, showing the distinctive behavior of Ti carbide
compared to an oxide.

It is worth mentioning here that the adequate acid/base
strength of Ti sites should be a consequence of the work
function of the Ti;C, material, which is a collective property of
MXenes, as opposed to the local characteristics of each site.
Experimental measurements have shown that the electronic
properties of Ti;C, MXene obtained by F etching can vary as
much as 1 eV, depending on the exact surface functional group
distribution among —F, —O-—, and —OH, vacancies.”
Therefore, it can be concluded that the observed hydro-
amination activity could be further fine-tuned by adjusting the
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collective MXene properties such as the work function, nature
of the surface functional groups, number of the carbide/nitride
layers, and exfoliation degree.

Importantly, the Ti;C, catalyst can be easily recovered from
the reaction mixture, washed with toluene, and reused. No
change in the catalytic activity of Ti;C, was observed after four
consecutive cycles (see Supporting Information, Figure S2).
This performance is remarkable considering the low density of
the active sites and the ability of alkylamines to act as poisons
or promoters of oligomerization of homogeneous catalysts. It
also seems to rule out coke deposition under the reaction
conditions, as further confirmed by Raman spectroscopy in
which no increase in the intensity of the 1590 and 1350 cm™
bands characteristic of coke was observed for the Ti;C, sample
after its use as a catalyst (see Supporting Information). Further
characterization of the four timnes used Ti;C, sample showed
that crystallinity was maintained, as confirmed by XRD and
selected area electron diffraction in TEM, while AFM
measurements showed that the thickness of the layers was
about 4 nm without apparent stacking or agglomeration (see
Figure S2).

The hot filtration test indicates that the reaction stops upon
removal of the Ti;C, catalyst (Figure S3), indicating that the
reaction is truly heterogeneous, occurs on the solid catalyst,
and is not due to the leaching of Ti from the solid to the liquid
phase. Analysis of the liquid phase after the reaction showed
that the amount of Ti in the supernatant was lower than 1% of
the total amount of Ti added to the Ti;C, catalyst.
Characterization of MXene after the reaction by TEM shows
that the morphology of the particles and their crystallinity were
maintained under the reaction conditions. These data confirm
the absence of deactivation and amine poisoning under the
reaction conditions.

Scope of Catalytic Hydroamination by Ti;C,. Consid-
ering that aliphatic primary amines are more reactive than
aromatic amines and that aryl-substituted imines are important
synthetic intermediates, the possible catalytic activity of Ti;C,
was also tested for this type of amine. Under an N,
atmosphere, the catalytic hydroamination using aniline
followed the same trend as that determined for the aliphatic
amine, namely, an almost total selectivity (99:1) in favor of the
(1E)-N-phenylhexan-1-imine isomer and an increase of the
conversion with temperature and reaction time (Figure 7).
Other aromatic amines, including 4-ethylaniline and 2,6- and
3,5-dimethylanilines, were also tested, and the TOF values

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13481/suppl_file/ja4c13481_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13481/suppl_file/ja4c13481_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13481/suppl_file/ja4c13481_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13481/suppl_file/ja4c13481_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

150+

Figure 7. TOF values for hydroamination of 1-hexyne with aromatic
amines. Reaction conditions: 1 mmol of 1-hexyne, 2 mmol of
aromatic amine, 2 mL of toluene as a solvent, purged with N,, Ti;C, 5
mg, 160 °C. The time at which the TOF values were calculated is
shown in the plot.

measured after 24 or 48 h are also shown in Figure 7. The
maximum yield of N-hexylidene-4-ethylaniline after 48 h was
12%. Hydroamination of 1-hexyne failed to form products in
the case of 4-aminophenol and 4-nitroaniline, indicating that
this reaction is highly sensitive to the influence of the electron-
donating or -withdrawing nature of substituents on the
aromatic ring, as observed in other cases, such in the use of
Pd(II) complexes as homogeneous hydroamination catalysts of
aromatic amines.

The reactivity of aromatic amines is about 2 to 10 times
lower than that of aliphatic n-butylamine and appears to
depend on the electronic density and steric encumbrance of
the amino group at the aromatic ring. On the one hand, this
amine reactivity order indicates that Ti;C, as a heterogeneous
catalyst performs as expected for a mild Lewis acid site; on the
other hand, the operation of notable steric effects in the
reaction, thereby explaining the higher reactivity of aniline and
para-substituted anilines compared to the ortho and disub-
stituted analogues. 1-Phenylacetylene with a conjugated C=C
triple bond also reacts regioselectively with anilines giving the

corresponding 2-phenyletane N-arylimines (Table S2). In this
case, the TOF values were similar to those measured for 1-
hexyne with anilines, indicating that the electronic density of
the C=C bond compensates for the higher steric hindrance
caused by the phenyl ring.

Further studies on the reaction scope showed that Ti;C, was
unable to promote the hydroamination of internal —C=C-
triple bonds under the present reaction conditions (toluene at
160 °C). Thus, all of the hydroamination reactions tested with
4-octyne and 1-phenyl-1-hexyne failed (see Table S2). The
failure of hydroamination using internal alkynes can be
understood by considering the higher steric demand required
for the reaction of internal alkynes and their lower reactivity.

Importantly, switching the reaction atmosphere from N, to
air resulted in a change in reactivity, as observed with the
expected N-phenylhexanimines, the formation of dodeca-S,7-
diyne, and diazenes (Scheme 2). The homocoupling of both
alkynes®' and aromatic amines®” requires the presence of
aerobic oxygen as an oxidizing reagent. The formation of the
oxidation products derived from homocoupling was observed
as well in the reactions of 1-hexyne with 3,5-dimethylaniline,
2.6-dimethylaniline, and 4-ethylaniline for which the con-
version, selectivity, and TOF values depended on the substrate.
Figures S4—S7 show the product distribution in air, and the
Supporting Information provides the mass spectra of the
observed oxidative coupling products. Under an air atmos-
phere, the selectivity to dodeca-5,7-diyne decreased in the
following order: 2,6-dimethylaniline > 3,5-dimethylaniline > 4-
ethylaniline > aniline, which correlates well with the relative
reactivity of the aromatic amine toward hydroamination; more
reactive aromatic amines formed fewer byproducts in the
presence of oxygen. These catalytic data clearly indicate that
oxidative homocoupling is a competing reaction that occurs
when hydroamination is disfavored and oxygen is present. For
this reason, oxidation byproducts were not observed in the
reaction of the more reactive n-butylamine with 1-hexyne.
Although aerobic oxidations are an important class of organic
reactions largely performed for the production of bulk
chemicals and it appears Ti;C, also has an interesting activity
worth exploring to promote this liquid-phase oxidation, its
study will be reported separately. Therefore, in the case of

Scheme 2. Competition between Hydroamination and Oxidative Homocoupling in the Reaction of 1-Hexyne and Aromatic

Amines when Oxygen is Present
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Table 3. Results of Intramolecular Hydroamination Catalyzed by Ti;C,”

Product yield (%)/TOF (h™)
Reaction Catalyst Temperature (°C)
150 200
NH, Blank 1.2/-- 1.7/--
NH
O — O _’ O / O
Ti,C, 8.4/87 27.2/283
Blank 1.6/-- 2.5/--
X NH
P
N Ti,C, 15.4/160 27.9/290

“Reaction conditions: substrate: 0.5 mmol, solvent: 2 mL of 1,4-dioxane, catalyst: 5 mg, time: 24 h.

hydroamination, it is reccommended to exclude air during the
reaction.

Comparative Catalytic Activity of Ti MXene as a
Hydroamination Catalyst. Table 2 provides a summary of
some of the most efficient reported hydroamination catalysts
taken from the several comprehensive reviews existing in the
literature covering the field of hydroamination catalysis, both
homogeneous and heterogeneous.”"***’ As can be seen in
Table 2, the results obtained in the present study rank Ti;C, as
one of the best solid catalysts for the hydroamination reaction
reported so far. As discussed in the Introduction section, the
most studied hydroamination catalysts are soluble metal
complexes, frequently early transition metals of group IV of
the Periodic Table. These soluble complexes exhibit generally
higher TOF values than heterogeneous catalysts.”' In
comparison, heterogeneous catalysts can be recovered from
the reaction mixture by filtration and have advantages in terms
of catalyst recycling and the possibility of developing
continuous-flow processes.

Comparison of the catalyst performance based on the
reported data should always be taken cautiously because some
of the activity values, particularly TOFs, were reported under
different experimental conditions, sometimes far from the
optimal ones, or measured at different conversions (see also
footnote “a” in Table 2). In any case, the data in Table 2
indicate that Ti;C, MXene is an excellent hydroamination
solid catalyst with complete anti-Markovnikov regioselectivity,
particularly considering that the TOF values of Ti;C, are stable
with respect to the reaction time and substrate conversion and
that the material can be reused without deactivation in
consecutive runs. Even with the required caution, this
performance ranks Ti;C, as the best choice in the current
state of the art.

Besides activity, product selectivity, and stability, another
important consideration regarding the potential applicability of
a catalyst is its cost. The costs of Ti;C, MXene based on the
preparation steps and allocating some expenses for a minimal
batch characterization gave a value of $12.20 per gram.89
However, considering the vast potential applications that are
envisioned for MXenes, particularly in the field of energy
storage devices, scale-up estimations have considered an
achievable cost of TiyC, for bulk sales of 5 cents/g.”

Intramolecular Cyclization. Intramolecular hydroamina-
tion can afford aromatic heterocycles with indole or quinoline
structures, many of which exhibit remarkable biological
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activity.”"”> To show the general activity of Ti;C, MXene as
a hydroamination catalyst, intramolecular cyclization of 2-
(phenylethynyl)aniline and 2-(phenylethynyl)pyridin-3-amine
was performed. The results are summarized in Table 3. As can
be seen there, in the two cases, a single product with the
structure of indol or azaindole, resulting from the S-endo-dig
ring closure of the starting material, was obtained. Control
experiments in the absence of a catalyst showed negligible
substrate conversion under the reaction conditions, with small
amounts of (aza)indol products. In the presence of Ti;C, as a
catalyst, the yield increased with temperature, either 150 or
200 °C, and was somewhat higher for pyridin-3-amine in
comparison with the aniline analogue, particularly at the lowest
temperature, reflecting the electron-withdrawing effect of the
pyridine ring polarizing the C=C triple bond.
Hydroamination Reaction Mechanism. The formation
of both Markovnikov and anti-Markovnikov hydroamination
products has been reported using molecular metal complexes
as catalysts.”””> Frequently, selectivity toward a single
regioisomer has been observed. All the proposed mechanisms
involving group IV metals as active sites have in common the
formation of key intermediates of a four-member ring with the
active metal site being one of the atoms, the N of the amine,
and the two carbon atoms of the C=C triple bond completing
the cycle. In the case of Ti atoms, this four-member ring
intermediate is proposed to arise from the [2 + 2]
cycloaddition of the alkyne and the Ti=N bond, the latter
arising from the faster reaction of the amine and the Ti site.
According to Beller and co-workers, in the case of titanocene
complexes as hydroamination catalysts,”” the regioselectivity of
the final product is controlled by the steric encumbrance
experienced by the alkyne as it approaches the Ti=N
intermediate (Scheme 3). Titanocenes can be considered to
have some structural resemblance to Ti;C, MXene in the sense
that one or two aromatic C rings (cyclopentadienes) form a
strong 7 complex with a Ti ion that has exchangeable terminal
groups, completing the coordination sphere. Therefore, it is
proposed here that the same steric factor operating in
molecular titanocenes is responsible for the observed anti-
Markovnikov regioselectivity in the case of Ti;C, MXene
(Scheme 3). The less congested regioisomer, corresponding in
this case to the anti-Markovnikov product, is also formed in the
present case with a very high preference with respect to the
thermodynamically more stable isomer that would be formed
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Scheme 3. Proposal to Rationalize the Anti-Markovnikov
Selectivity Based on the Steric Congestion (Ph and n-Butyl
Groups as far as Possible) Accepted in Homogeneous
Titanocene Complexes (a, ref 50) and that it is also
Proposed to Operate in Heterogeneous Ti;C, Catalysis (b,
this work)

@)
n-Bu-CZCH

from the more congested transition state. This proposal was
supported by DFT calculations of the models described below.

In Situ Raman and ">C NMR Spectroscopy. To gain insight
into the operating mechanism in the presence of Ti;C,, the
reagents were adsorbed sequentially on the Ti;C, catalyst, and
their interaction with Ti;C, was monitored by Raman
spectroscopy using two different lasers operating at 488 or
785 nm wavelengths. Adsorption was carried out by stirring a
suspension of Ti;C, in a toluene solution of n-butylamine at 50
°C or aromatic amines at 100 °C for 30 min, after which the
solid was recovered, washed with fresh toluene to remove
loosely bound amines, and dried. For alkyne adsorption, the
Ti3C, solid that had previously undergone amine adsorption,
likely forming a Ti—N intermediate, was used as the starting
sample. The sample was stirred in a toluene solution of 1-
hexyne at 50 °C for 30 min. The subsequent washing and
drying steps were performed in the same manner as those used
for amine adsorption. Using a 488 nm laser for excitation, it
was observed that the characteristic low-frequency vibration
band corresponding to Ti;C,0, E, underwent significant
changes upon amine adsorption up to 20 cm™" redshift, while
the other peaks remained unchanged (see Figure S8 in
Supporting Information). The fact that the specific Ti,C,0,

vibration undergoes shifts while other bands remain at the
same position indicates that amine adsorption takes place at
certain sites influencing this specific surface functional group
but not others. Interestingly, the subsequent addition of alkyne
produced clear, measurable shifts in the Raman frequency of
the vibration band that was previously modified by amine
adsorption. The fact that not all the vibrations shift upon the
addition of the alkyne after the addition of the amine is again
considered a sign that Raman spectroscopy reports the
participation of certain functional groups of the Ti;C, catalyst.

Raman spectroscopy using 785 nm laser excitation provided
further information (see Figure S10 in Supporting Informa-
tion). Upon the adsorption of n-butylamine, three new peaks
appeared at 505, 270, and 260 cm™'. Based on the literature
data,” these new peaks can be attributed to the in-plane (505
cm™!) and out-of-plane (270 and 260 cm™") vibrations of the
—OH groups, indicating that these groups appear on the Ti;C,
surface upon adsorption of n-butylamine. This indicates that
the adsorption of n-butylamine results in the generation of
surface —OH groups by proton transfer from the amine to the
surface —O— atoms (step prior to cycloaddition in Scheme 4).
Since amines are weaker Bronsted acids than —O— groups, this
proton transfer can only occur if the amine interacts with Ti
atoms as Lewis acids. Subsequent addition of 1-hexyne restores
the initial medium-frequency Raman spectrum of Ti;C, to its
initial state, indicating that —OH groups disappear, which
requires the reaction of the alkyne with the Ti=N adduct
(step indicated as proton transfer in Scheme 4). Reversing the
order of reagent addition, 1-hexyne and then 1-butylamine,
does not result in any change in the Raman spectrum, again
reinforcing the interaction of MXene with n-butylamine as the
first step in the reaction mechanism (Scheme 4).

The interaction of n-butylamine with Ti;C, was also
supported by solid-state '*C NMR spectroscopy by observing
a change in the chemical shift of the C-1 carbon from 41.58
ppm for an excessive amount of n-butylamine adsorbed on
Ti;C, in comparison with the 40.34 ppm value measured when
only 50 uL of this amine was added to 100 mg of Ti;C,
(Figure S10). No similar '*C NMR spectroscopic shifts were
observed for 1-hexyne incorporation into Ti;C,, indicating that

Scheme 4. Proposed Hydroamination Reaction Mechanism on the Ti;C, Catalyst
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the reaction most likely started with the interaction of the
amine with the Ti;C, surface.

Based on the Raman and *C NMR data, a mechanism
compatible with that previously reported in the literature’”° is
proposed in Scheme 4.

To determine the nature of the active sites, pyridine
adsorption/desorption measurements monitored by IR spec-
troscopy were carried out. This quantitative technique
distinguishes between the interaction of pyridine with
Bronsted and Lewis acid sites by monitoring specific IR
vibration bands at 1550 and 1450 cm™, respectively.”””®
Furthermore, by measuring the changes in the band intensity
upon the desorption temperature in the range from ambient to
400 °C, the acid sites can be ranked as weak, medium, or
strong acidity. To the best of our knowledge, such acidity
titrations have not yet been reported for MXenes.

In the present case, it was observed that according to
pyridine titration, the sample contained both Bronsted and
Lewis sites. Figure 8 summarizes these pyridine adsorption—

K-M, a.u.

i |
T * T * T
1600 1550 1500
Wavenumbers, cm’

Figure 8. Informative region of the Fourier transform infrared (FT-
IR) spectra of Ti;C, upon room-temperature adsorption of pyridine
and subsequent desorption by thermal treatment at the indicated
temperature under dynamic vacuum. The characteristic bands of the
Bronsted and Lewis acid sites are labeled. Note the increase in band
intensity of the Lewis sites from 300 to 400 °C.

desorption measurements by IR spectroscopy. The strength of
these sites, particularly Lewis sites, is medium since the
pyridine band intensity diminishes in the range between 200
and 300 °C. Surprisingly, the density of strong Lewis sites
undergoes an abrupt increase from 300 °C, in which the
population is negligible, to 400 °C, in which strong Lewis acid
sites are present. Although the behavior of pyridine
adsorption/desorption measurements deserves an in-depth
study, the appearance of acid sites between 300 and 400 °C
could be attributed to the removal of some surface functional
groups in Ti;C,, generating new acid sites that were absent in
the fresh sample. Previous studies on the thermal removal of
surface F groups on Ti;C, materials obtained by F-etching of
Ti;AlC, would be in agreement with this proposal.”
Information on pyridine titration and particularly on the
observation of increased pyridine adsorption from 300 to 400
°C suggests that the active sites are exposed Ti atoms lacking
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surface termination located at the defects and edges of the
Ti3C, sheets. In this regard, we notice that the lateral size of
our sample (80 nm dimension) is considerably smaller than
that of other Ti;C, samples that have not been subjected to
extended ultrasound treatment, which are typically in the
micron range.” However, in the present case for catalytic
applications, extended exfoliation of the sample achieved by
sonication (average thickness of 7 nm by AFM measurements)
should be beneficial favoring reagent diffusion, defect
generation, and site accessibility.

Considering the proposed nature of the active sites, a
preliminary attempt to increase their density by thermal
annealing was carried out. It is reported in the literature that
the thermal annealing of Ti;C, obtained by F-etching can
remove some F and OH groups depending on the temper-
ature.'” Therefore, this treatment could open further under-
coordinated Ti atoms. However, the resulting annealed Ti;C,
sample at 400 °C under vacuum was devoid of any catalytic
activity. It is proposed that the modification of the surface
group composition also results in an undesirable increase of
the acid strength of Ti atoms by modification of the work
function of the material. This proposal is in agreement with the
previously reported pyridine adsorption/desorption data,
showing the generation of strong Lewis acid sites that would
not be required for hydroamination catalysis.

DFT Calculations. Besides in situ Raman spectroscopy,
DEFT calculations of the models were performed to determine
possible catalytic sites and reasonable pathways. The field of
MXenes as electrocatalysts has been dominated by DFT
calculations that have provided useful insights into the reaction
mechanism and have been used to rationalize the observed
results. In the present case, it is important to propose the most
likely structure of the catalytic sites.

Our starting point is to consider that a mechanism
analogous to that in Schemes 3 and 4 can also be applied to
Ti;C, as a catalyst with the necessary modifications. These
modifications should take into account the constraints imposed
by the 2D MXene structure and the presence of Ti neighbors
around a given site. In this computational study, we will refer
to the hydroamination of 1-hexyne with aniline.

(a) Computational Model: To save computational time, it is
common practice in the field of MXene calculations to use
Ti,C models, even for Ti;C,.*"'%" This seems to be reasonable
since, as shown earlier, Ti,C is also able to catalyze the
hydroamination reaction. In the present case, the model for the
calculations was extracted from the structure of Ti,C MXene.
It consists of a cluster of 35 atoms (Ti;;C,F,O,H,) (Figure
9a), which can reproduce the local structure of Ti;C, at a
reasonable computational cost. This model is also in
accordance with the XPS data that shows Ti atoms bonded
to C (an intrinsic characteristic of MXenes) as well as bonded
to O and F. In addition, XPS O 1s analysis shows a component
corresponding to O bonded directly to carbon that has also
been considered in the model. (b) First Amine Adsorption:
Intermediate A. According to the mechanism depicted in
Scheme 4, the first step is the adsorption of aniline onto the
MXene cluster. This adsorption would initiate the catalytic
cycle, leading to the surface-bound intermediate A, after
double deprotonation of aniline (reaction barrier not
considered).” The reactive complex formed ([Ti]=N-R,
structure A in Scheme 4) would be an unstable species that
cannot be isolated during the reaction. The optimized
structure is shown in Figure 9b. It can be seen in Figure 9b
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Figure 9. (a) Cluster model of active sites in Ti Mxenes; (b) initial structure of the proposed intermediate “A” indicated in Scheme 4; (c)
adsorption of 1-hexyne on the catalytic center (A), with d(C,—Ti) = 2.67 A and d(C,—Ti) = 2.78 A; (d) TS of the cycloaddition on the catalytic
center, showing d(N—C;) = 1.99 A and d(C,—Ti) = 2.21 A; (e) product of the cycloaddition on the catalytic center (structure B in Scheme 4),
with d(N—C,) = 1.39 A, d(C,—Ti,) = 2.22 °A, and d(C2—Ti,) = 2.32 A; (f) adsorption of a second aniline molecule on the catalytic center (B),
with d(N,—Ti) = 2.35 A; (g) TS of the first proton transfer (B-aniline = C), showing d(N—H) = 1.34 A and d(H—C) = 1.36 A; (h) product of the
first proton transfer (C), with d(C,—Ti) = 2.77 A (not shown); (i) transition state of the second proton transfer (C— imine A), with d(N,—H) =
1.32 A and d(H-N,) = 1.28 A, and (j) product of the second proton transfer (imine A), with d(N;—Ti) = 2.63 A. For the sake of clarity, structures
(d—j) show only a few atoms of the MXene cluster. Red = O, green = F, white = H, gray (big) = Ti, gray (small) = C.

that the deprotonated aniline is coordinated to three adjacent
titanjum atoms in the Mxene Ti cluster, differing from the
proposed structure ([Ti]J=N-Rl1, coordinated to only one
Ti).

(c) Cycloaddition Reaction, 1-Hexyne + A — B (Scheme 4).
The adsorption of 1-hexyne on intermediate A is shown in
Figure 9c¢, with an adsorption enthalpy of —86.5 kJ/mol. The
reaction then proceeded to reach the transition state (TS)
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displayed in Figure 9d, showing an activation energy of 109.9
kJ/mol.

Once the TS barrier has been surpassed, a cycloaddition
equivalent product is obtained (Figure 9e, B in Scheme 4),
with distances N—Ti 2.15 A and N—C 1.39 A, which indicates
that the N—C bond has been formed. The distance between C,
(the internal carbon of the alkyne) and the closest Ti bonded
to N is 2.32 A. C, is also bonded to an adjacent Ti atom, with a
C,—Ti, distance of 2.22 A. This structure is slightly lower in

https://doi.org/10.1021/jacs.4c13481
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energy than the previous uncycled structure (1-hexyne—A
complex) since the overall cyclization energy is exergonic by
only 24.9 kJ/mol.

The regiochemistry observed shows that, according to the
catalytic complex shown in Figure 9d, 1-hexyne will have a
significant steric hindrance for generating the Markovnikov
product since the formation of this regioisomer would require
the aliphatic chain to move on top of the aromatic ring for the
reaction to occur. Therefore, the anti-Markovnikov product
(which is the one observed experimentally) is the only one that
can approach the titano imine intermediate A with a proper
orientation for the reaction to occur, according to the
mechanism proposed. Therefore, although other factors, like
intercalation between the MXene sheets, Fermi level alteration,
and site dispersion, can influence the regioselectivity, it seems
that the main factor responsible for the anti-Markovnikov
selectivity is, as in molecular complexes, the short-range steric
hindrance between the reagent substituents.

(d) Second Reaction Intermediate: Adsorption of a Second
Ph-NH, Molecule (B + Aniline — B-Aniline). Once the
equivalent cycloaddition step takes place, the next step involves
the adsorption of a second amine (aniline) to the reaction
complex. Subsequent protonolysis of the reaction intermediate
(B-aniline) will lead to intermediate C, as shown inScheme 4.
The geometry of the adsorbed aniline is shown in Figure 9f,
with an enthalpy of —68.7 kJ/mol.

During the coordination of the second aniline, the internal
alkyne carbon (C,), which was previously coordinated to two
Ti atoms, becomes now coordinated to only one, with the
other Ti atom being available to coordinate the incoming
aniline (wielding N, atom) that adsorbs with an N,—Ti
distance of 2.35 A, as shown in Figure 9f. The N,—Ti distance
is slightly elongated in this process, from 2.15 to 2.19 A, while
the C,—Ti distance is shortened from 2.22 (Figure 9f) to 2.19
A. After adsorption, the alkyne assumes a planar structure,
typical of a double bond.

(e) First Proton Transfer (B-Aniline — C). The next step
within the catalytic cycle involves proton transfer from the
adsorbed aniline to the internal C, carbon, the TS of which is
shown in Figure 9g. The TS shows an N—H distance of 1.34 A,
while the H—C distance is 1.36 A, with an activation energy of
79.3 kJ/mol.

Once proton transfer occurs, the structure of the newly
formed intermediate is shown in Figure 9h (C in Scheme 4).
The internal alkyne carbon (C,) in this intermediate is almost
desorbed, as the C,—Ti, distance increased to 2.77 A. The
distance between the remaining proton on aniline (N,) and
the nitrogen of the product (N;) is now 2.01 A.

(f) Second Proton Transfer (C — Imine A). Once the
intermediate shown in Figure 9h has been reached, the last
step of the reaction mechanism, ignoring the desorption of the
formed product, comprises the second proton transfer from
aniline to give the adsorbed product (imine A). The structure
of the corresponding TS is shown in Figure 9i. As can be seen,
in this TS, the N;—H distance is 1.28 A, while the N,—C
distance is 1.32 A. The energy barrier is the lowest of the
whole mechanism, at 39.4 kJ/mol. This can be due to the
greater coordination of the fully deprotonated aniline on the
MZXene structure, as the N atom is coordinated to two Ti
atoms during proton transfer. Moreover, the final product
yields deprotonated aniline coordinated to three Ti atoms,
resulting in greater stability. The formation of this product is
highly exergonic with 190.6 kJ/mol.
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Once this last energy barrier is crossed, the structure of the
final product (before desorption) is as shown in Figure 9j,
where the catalyst regeneration needs only to break the N—Ti
bond between MXene and the product.

(g) Global Energy Profile. Considering all reaction steps
indicated in Scheme 4, the global energy profile of the aniline
hydroamination of 1-hexyne is shown in Figure 10.
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Figure 10. Calculated energy profiles of all reaction intermediates
from catalyst A in Scheme 4 to the imine product. Activation barriers
corresponding to cycloaddition and proton transfer are indicated by
red arrows. Ea = activation energy.

It can be seen that the first TS, corresponding to
cycloaddition, has an activation energy of 109.9 kJ/mol,
which is the highest of the whole energy profile and, thus, the
limiting kinetic step. The first proton transfer has a lower
activation energy of about 79.3 kJ/mol. Although we could
expect a high barrier for aniline deprotonation, this low barrier
was due to the high affinity of the C, carbon for the incipient
proton. This is due to the lability of the C—Ti bond (C,—Ti in
Figure 9d), allowing for the ready formation of C—H. The
second proton transfer presents a considerably lower activation
energy, 39.4 kJ/mol, probably due to the greater coordination
of the incoming aniline yielded during the second proton
transfer process. In this step, aniline begins with a —1 formal
charge, which is increased to —2 once deprotonation occurs.
Although it would be expected that this deprotonation step
would have a higher activation energy, this generated negative
formal charge would be highly compensated by the relatively
uncoordinated neighboring Ti atoms on the MXene surface, at
which the aniline rests.

The high activation energy for the cycloaddition could be
due to the high steric factors that complicate the access of the
active deprotonated aniline site.

This activation energy for the anti-Markovnikov product is
expected to be higher for the direct Markovnikov product, as
explained above.

B CONCLUSIONS

Structural defects are key in heterogeneous catalysis, providing
coordinatively unsaturated positions around Lewis acids or
basic sites that can interact with substrates. The harsh
conditions required for the formation of MXenes from the
MAX phase and the large surface area exposed to the ambient
environment generate defects, consisting of vacancies of
surface functional groups, M or X elements, and atoms at
peripheral positions.'”” Particularly, in the case of the Ti;C,
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sample under study, XPS shows that fluorine, hydroxyl, and
oxo groups, as well as vacancies, are present on the surface of
the material as terminal groups. These defects are apparently
very suitable to promote the regioselective anti-Markovnikov
hydroamination of alkynes by aliphatic and aromatic amines, a
demanding reaction due to the neutralization of Lewis acid
sites by the basic amine, making the general mechanism of
electrophilic addition of C—C multiple bonds catalyzed by
acids inefficient.”” In the case of Ti;C, hydroamination
reactions occur with very high TOF values of 350 h™', which is
significantly higher than that of benchmark catalysts. Ti atoms
seem to have an adequate acid strength due to the electron
density provided by the negative carbide ions connected to
them, making Ti;C, an excellent catalyst for the hydro-
amination of aliphatic and aromatic amines.’”'®® The present
results open the way for further optimization of the catalytic
activity by adequate selection of the surface terminal groups
and the general use of 2D MXenes as heterogeneous catalysts
for other organic reactions. In fact, the interesting observation
of oxidative homocoupling of aromatic amines and terminal

alkynes supports this claim.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c13481.

MS data of the reaction products; reusability data; hot
filtration test data; conversion, selectivity, and TOF of
hydroamination of 1-hexyne by aniline, 3,5-dimethyl-,
2,6-dimethyl, and 4-ethylaniline and the corresponding
homocoupling products; Raman spectra upon sequential
adsorption of aniline and alkynes on Ti;C, (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Vasile I. Parvulescu — Department of Organic Chemistry,
Biochemistry and Catalysis, University of Bucharest,
Bucharest 030016, Romania; Email: vasile.parvulescu@
chimie.unibuc.ro

Ana Primo — Instituto Universitario de Tecnologia Quimica,
Universitat Politecnica de Valencia-Consejo Superior de
Investigaciones Cientificas, Universitat Politecnica de
Valencia, 46022 Valencia, Spain; Email: aprimoar@
itq.upv.es

Hermenegildo Garcia — Instituto Universitario de Tecnologia
Quimica, Universitat Politecnica de Valencia-Consejo
Superior de Investigaciones Cientificas, Universitat Politecnica
de Valencia, 46022 Valencia, Spain; © orcid.org/0000-
0002-9664-493X; Email: hgarcia@upv.es

Authors

Rubén Ramirez Grau — Instituto Universitario de Tecnologia
Quimica, Universitat Politecnica de Valencia-Consejo
Superior de Investigaciones Cientificas, Universitat Politecnica
de Valencia, 46022 Valencia, Spain

Pablo Garcia-Aznar — Instituto Universitario de Tecnologia
Quimica, Universitat Politecnica de Valencia-Consejo
Superior de Investigaciones Cientificas, Universitat Politecnica
de Valencia, 46022 Valencia, Spain

German Sastre — Instituto Universitario de Tecnologia
Quimica, Universitat Politecnica de Valencia-Consejo
Superior de Investigaciones Cientificas, Universitat Politecnica

3329

de Valencia, 46022 Valencia, Spain;
0003-0496-6331

Sara Goberna-Ferrén — Instituto Universitario de Tecnologia
Quimica, Universitat Politecnica de Valencia-Consejo
Superior de Investigaciones Cientificas, Universitat Politecnica
de Valencia, 46022 Valencia, Spain; © orcid.org/0000-
0002-3306-3791

Octavian Pavel — Department of Organic Chemistry,
Biochemistry and Catalysis, University of Bucharest,
Bucharest 030016, Romania; ® orcid.org/0000-0002-
6466-651X

Alina Tirsoaga — Department of Organic Chemistry,
Biochemistry and Catalysis, University of Bucharest,
Bucharest 030016, Romania

Bogdan Cojocaru — Department of Organic Chemistry,
Biochemistry and Catalysis, University of Bucharest,
Bucharest 030016, Romania

Dana Georgeta Popescu — National Institute of Materials
Physics, Magurele 07712§ Ilfov, Romania; © orcid.org/
0000-0001-9889-4417

orcid.org/0000-

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c13481

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support was provided by UEFISCD, Ministry of
Innovation and Science (Severo Ochoa CEX2021-001230-S
and PDI2021-0126071-OB-CO2, both funded by MCIN/AEI/
10.13039/501100011033), Generalitat Valenciana (Prometeo
2021-38 and Advanced Materials Programme Graphica MFA/
2022/023 with funding from the European Union NextGener-
ationEU PRTR-C17.1) are gratefully acknowledged. This
study forms part of the Advanced Materials programme and
was supported by MCIN with funding from the European
Union NextGenerationEU (PRTR-C17.11) and by Generalitat
Valenciana. We thank CTI-CSIC and ASIC-UPV for their
computational facilities. R.R.-G. and P. G.-A. are recipients of
postgraduate scholarships awarded by the Spanish Ministry of
Science and Innovation.

B REFERENCES

(1) Bai, S;; Yang, M,; Jiang, J.; He, X; Zou, J.; Xiong, Z.; Liao, G;
Liu, S. Recent advances of MXenes as electrocatalysts for hydrogen
evolution reaction. npj 2D Mater. Appl. 2021, S (1), 78.

(2) Qi, Q; Hu, J; Zhang, Y,; Li, W.; Huang, B.; Zhang, C. Two-
Dimensional Metal—Organic Frameworks-Based Electrocatalysts for
Oxygen Evolution and Oxygen Reduction Reactions. Adv. Energy
Sustainability Res. 2021, 2 (3), No. 2000067.

(3) Wang, Y.; Nian, Y.; Biswas, A. N.; Li, W.; Han, Y,; Chen, J. G.
Challenges and opportunities in utilizing MXenes of carbides and
nitrides as electrocatalysts. Adv. Energy Mater. 2021, 11 (3),
No. 2002967.

(4) Hantanasirisakul, K; Gogotsi, Y. Electronic and optical
properties of 2D transition metal carbides and nitrides (MXenes).
Adv. Mater. 2018, 30 (52), No. 1804779.

(5) Guo, Z.; Gao, L.; Xu, Z.; Teo, S.; Zhang, C.; Kamata, Y.; Hayase,
S.; Ma, T. High electrical conductivity 2D MXene serves as additive of
perovskite for efficient solar cells. Small 2018, 14 (47), No. 1802738.

(6) Zhang, Y.; Zha, X.-H.; Luo, K; Qiu, N.; Zhou, Y.; He, J.; Chai,
Z.; Huang, Z.; Huang, Q.; Liang, Y.; Du, S. Tuning the electrical
conductivity of Ti2CO2MXene by varying the layer thickness and
applying strains. J. Phys. Chem. C 2019, 123 (11), 6802—6811.

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332


https://pubs.acs.org/doi/10.1021/jacs.4c13481?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13481/suppl_file/ja4c13481_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasile+I.+Parvulescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:vasile.parvulescu@chimie.unibuc.ro
mailto:vasile.parvulescu@chimie.unibuc.ro
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Primo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:aprimoar@itq.upv.es
mailto:aprimoar@itq.upv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hermenegildo+Garci%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9664-493X
https://orcid.org/0000-0002-9664-493X
mailto:hgarcia@upv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rube%CC%81n+Rami%CC%81rez+Grau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Garcia-Aznar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="German+Sastre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0496-6331
https://orcid.org/0000-0003-0496-6331
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Goberna-Ferro%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3306-3791
https://orcid.org/0000-0002-3306-3791
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Octavian+Pavel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6466-651X
https://orcid.org/0000-0002-6466-651X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alina+Tirsoaga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bogdan+Cojocaru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dana+Georgeta+Popescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9889-4417
https://orcid.org/0000-0001-9889-4417
https://pubs.acs.org/doi/10.1021/jacs.4c13481?ref=pdf
https://doi.org/10.1038/s41699-021-00259-4
https://doi.org/10.1038/s41699-021-00259-4
https://doi.org/10.1002/aesr.202170006
https://doi.org/10.1002/aesr.202170006
https://doi.org/10.1002/aesr.202170006
https://doi.org/10.1002/aenm.202002967
https://doi.org/10.1002/aenm.202002967
https://doi.org/10.1002/adma.201804779
https://doi.org/10.1002/adma.201804779
https://doi.org/10.1002/smll.201802738
https://doi.org/10.1002/smll.201802738
https://doi.org/10.1021/acs.jpcc.8b10888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b10888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b10888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(7) Hong, L.£f; Guo, R-t; Yuan, Y; Ji, X.-y; Li, Z.-s; Lin, Z.-d;
Pan, W.-g. Recent progress of two-dimensional MXenes in photo-
catalytic applications: a review. Mater. Today Energy 2020, 18,
No. 100521.

(8) Zhang, K.; Li, D.; Cao, H.; Zhu, Q.; Trapalis, C.; Zhu, P.; Gao,
X,; Wang, C. Insights into different dimensional MXenes for
photocatalysis. Chem. Eng. ]. 2021, 424, No. 130340.

(9) Ramirez-Grau, R.; Cabrero-Antonino, M.; Garcia, H.; Primo, A.
MXene dots as Photocatalysts for CO2 Hydrogenation. Appl. Catal, B
2024, 341, No. 123316.

(10) Ran, J; Gao, G; Li, F.-T.; Ma, T.-Y,; Du, A; Qiao, S.-Z.
Ti3C2MXene co-catalyst on metal sulfide photo-absorbers for
enhanced visible-light photocatalytic hydrogen production. Nat.
Commun. 2017, 8 (1), 13907.

(11) Fang, H,; Pan, Y; Yin, M; Pan, C. Enhanced visible light
photocatalytic activity of CdS with alkalized Ti3C2 nano-sheets as co-
catalyst for degradation of rhodamine B. J. Mater. Sci.:Mater. Electron.
2019, 30 (16), 14954—14966.

(12) Sun, Y.; Meng, X.; Dall'Agnese, Y.; Dall'Agnese, C.; Duan, S.;
Gao, Y; Chen, G; Wang, X.-F. 2D MXenes as co-catalysts in
photocatalysis: synthetic methods. Nano-Micro Lett. 2019, 11, 1-22.

(13) Ramirez, R; Melillo, A.; Osella, S.; Asiri, A. M.; Garcia, H.;
Primo, A. Green, HF-Free Synthesis of MXene Quantum Dots and
their Photocatalytic Activity for Hydrogen Evolution. Small Methods
2023, 7, No. 2300063.

(14) Feng, X,; Yu, Z,; Sun, Y,; Long, R;; Shan, M,; Li, X;; Liu, Y,;
Liu, J. Review MXenes as a new type of nanomaterial for
environmental applications in the photocatalytic degradation of
water pollutants. Ceram. Int. 2021, 47 (6), 7321—7343.

(15) Anasori, B.; Lukatskaya, M. R.; Gogotsi, Y.2D Metal Carbides
and Nitrides (MXenes) for Energy Storage. In MXenes; Jenny
Stanford Publishing, 2023; Vol. 2, pp 677—=722.

(16) Li, X.; Huang, Z.; Shuck, C. E.; Liang, G.; Gogotsi, Y.; Zhi, C.
MZXene chemistry, electrochemistry and energy storage applications.
Nat. Rev. Chem. 2022, 6 (6), 389—404.

(17) Sun, S.; Liao, C; Hafez, A. M,; Zhu, H,; Wu, S. Two-
dimensional MXenes for energy storage. Chem. Eng. ]. 2018, 338, 27—
4S.

(18) Xie, Y.; Naguib, M.; Mochalin, V. N.; Barsoum, M. W.; Gogotsi,
Y,; Yu, X;; Nam, K.-W,; Yang, X.-Q.; Kolesnikov, A. I; Kent, P. R.
Role of surface structure on Li-ion energy storage capacity of two-
dimensional transition-metal carbides. J. Am. Chem. Soc. 2014, 136
(17), 6385—6394.

(19) Gogotsi, Y.; Anasori, B. The Rise of MXenes; ACS Publications,
2019; Vol. 13, pp 8491—8494.

(20) Naguib, M.; Barsoum, M. W.; Gogotsi, Y. Ten years of progress
in the synthesis and development of MXenes. Adv. Mater. 2021, 33
(39), No. 2103393.

(21) Bjork, J.; Rosen, J. Functionalizing MXenes by Tailoring
Surface Terminations in Different Chemical Environments. Chem.
Mater. 2021, 33 (23), 9108—9118.

(22) Schultz, T.; Frey, N. C.; Hantanasirisakul, K.; Park, S.; May, S.
J; Shenoy, V. B, Gogotsi, Y.; Koch, N. Surface termination
dependent work function and electronic properties of Ti3C2T x
MXene. Chem. Mater. 2019, 31 (17), 6590—6597.

(23) Yang, Y;; Xu, Y.; Li, Q; Zhang, Y.; Zhou, H. Two-dimensional
carbide/nitride (MXene) materials in thermal catalysis. J. Mater.
Chem. A 2022, 10 (37), 19444—19465. 10.1039/D2TA03481F

(24) Xia, C.; Ye, H,; Kim, A.; Namini, A. S.; Li, S.; Delbari, S. A.;
Park, J. Y,; Kim, D.; Van Le, Q.; Varma, R. S.; et al. Recent catalytic
applications of MXene-based layered nanomaterials. Chemosphere
2023, 325, No. 138323.

(25) Zhou, H; Chen, Z.; Lépez, A. V,; Lépez, E. D,; Lam, E;
Tsoukalou, A.; Willinger, E.; Kuznetsov, D. A,; Mance, D,;
Kierzkowska, A.; et al. Engineering the Cu/Mo2C T x (MXene)
interface to drive CO2 hydrogenation to methanol. Nat. Catal. 2021,
4 (10), 860—871.

(26) Bharath, G.; Rambabu, K; Hai, A;; Othman, L; Ponpandian,
N.; Banat, F.; Show, P. L. Hybrid Pd50-RuS0/MXene (Ti3C2Tx)

3330

nanocatalyst for effective hydrogenation of CO2 to methanol toward
climate change control. Chem. Eng. J. 2021, 414, No. 128869.

(27) Ma, J; Jiang, Q;; Zhou, Y.; Chu, W.; Perathoner, S.; Jiang, C.;
Wu, K. H,; Centi, G.; Liu, Y. Tuning the chemical properties of Co—
Ti3C2Tx MXene materials for catalytic CO2 reduction. Small 2021,
17 (26), No. 2007509.

(28) Zhao, D.; Chen, Z.; Yang, W.; Liu, S.; Zhang, X; Yu, Y;
Cheong, W.-C.; Zheng, L.; Ren, F; Ying, G.; et al. MXene (Ti3C2)
vacancy-confined single-atom catalyst for efficient functionalization of
CO2. J. Am. Chem. Soc. 2019, 141 (9), 4086—4093.

(29) Naguib, M.; Tang, W.; Browning, K. L. Veith, G. M,;
Maliekkal, V.; Neurock, M.; Villa, A. Catalytic Activity of Ti-based
MZXenes for the Hydrogenation of Furfural. ChemCatChem 2020, 12
(22), 5733—-5742.

(30) Blanco, E.; Rosenkranz, A.; Espinoza-Gonzilez, R.; Fuenzalida,
V. M,; Zhang, Z.; Suarez, S.; Escalona, N. Catalytic performance of
2D-Mxene nano-sheets for the hydrodeoxygenation (HDO) of lignin-
derived model compounds. Catal. Commun. 2020, 133, No. 105833.

(31) Thakur, R; VahidMohammadi, A.; Smith, J.; Hoffman, M.;
Moncada, J.; Beidaghi, M.; Carrero, C. A. Insights into the genesis of a
selective and coke-resistant MXene-based catalyst for the dry
reforming of methane. ACS Catal. 2020, 10 (9), 5124—5134.

(32) Kurlov, A; Deeva, E. B; Abdala, P. M,; Lebedev, D.;
Tsoukalou, A.; Comas-Vives, A.; Fedorov, A.; Miiller, C. R. Exploiting
two-dimensional morphology of molybdenum oxycarbide to enable
efficient catalytic dry reforming of methane. Nat. Commun. 2020, 11
(1), No. 4920.

(33) Thakur, R;; Hoffman, M.; VahidMohammadi, A.; Smith, J.; Chi,
M,; Tatarchuk, B.; Beidaghi, M.; Carrero, C. A. Multilayered Two-
Dimensional V2CTx MXene for Methane Dehydroaromatization.
ChemCatChem 2020, 12 (14), 3639—3643.

(34) Li, X; Wang, C; Cao, Y.; Wang, G. Functional MXene
materials: progress of their applications. Chem. - Asian ]. 2018, 13
(19), 2742—2757. 3

(35) Morales-Garcia, A.; Calle-Vallejo, F.; Illas, F. MXenes: new
horizons in catalysis. ACS Catal. 2020, 10 (22), 13487—13503.

(36) Niu, K; Chi, L.; Rosen, J.; Bjérk, J. C—H activation of light
alkanes on MXenes predicted by hydrogen affinity. Phys. Chem. Chem.
Phys. 2020, 22 (33), 18622—18630.

(37) Kuriakose, N.; Mondal, U.; Ghosh, P. CH 4 activation and C—
C coupling on the Ti 2 C (100) surface in the presence of intrinsic C-
vacancies: is excess good? J. Mater. Chem. A 2021, 9 (41), 23703—
23713.

(38) Lin, Z.; Denny, S. R.; Chen, J. G. Transition metal carbides and
nitrides as catalysts for thermochemical reactions. J. Catal. 2021, 404,
929-942.

(39) Kaminsky, W. The discovery of metallocene catalysts and their
present state of the art. J. Polym. Sci, Part A:Polym. Chem. 2004, 42
(16), 3911-3921.

(40) Beaumier, E. P.; Pearce, A. J.; See, X. Y.; Tonks, I. A. Modern
applications of low-valent early transition metals in synthesis and
catalysis. Nat. Rev. Chem. 2019, 3 (1), 15—34.

(41) Pohlki, F.; Doye, S. The catalytic hydroamination of alkynes.
Chem. Soc. Rev. 2003, 32 (2), 104—114.

(42) Yim, J. C. H; Schafer, L. L. Efficient Anti-Markovnikov-
Selective Catalysts for Intermolecular Alkyne Hydroamination:
Recent Advances and Synthetic Applications. Eur. J. Org. Chem.
2014, 2014 (31), 6825—6840.

(43) Anastas, P; Eghbali, N. Green chemistry: principles and
practice. Chem. Soc. Rev. 2010, 39 (1), 301—312.

(44) Dentoni Litta, A,; Buonerba, A; Casu, A; Falqui, A;
Capacchione, C.; Franconetti, A,; Garcia, H; Grassi, A. Highly
efficient hydroamination of phenylacetylenes with anilines catalysed
by gold nanoparticles embedded in nanoporous polymer matrix:
Insight into the reaction mechanism by kinetic and DFT
investigations. J. Catal. 2021, 400, 71—82.

(45) Ventura-Espinosa, D.; Sabater, S.; Mata, J. A. Enhancement of
gold catalytic activity and stability by immobilization on the surface of
graphene. J. Catal. 2017, 352, 498—504.

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332


https://doi.org/10.1016/j.mtener.2020.100521
https://doi.org/10.1016/j.mtener.2020.100521
https://doi.org/10.1016/j.cej.2021.130340
https://doi.org/10.1016/j.cej.2021.130340
https://doi.org/10.1016/j.apcatb.2023.123316
https://doi.org/10.1038/ncomms13907
https://doi.org/10.1038/ncomms13907
https://doi.org/10.1007/s10854-019-01868-y
https://doi.org/10.1007/s10854-019-01868-y
https://doi.org/10.1007/s10854-019-01868-y
https://doi.org/10.1007/s40820-019-0309-6
https://doi.org/10.1007/s40820-019-0309-6
https://doi.org/10.1002/smtd.202300063
https://doi.org/10.1002/smtd.202300063
https://doi.org/10.1016/j.ceramint.2020.11.151
https://doi.org/10.1016/j.ceramint.2020.11.151
https://doi.org/10.1016/j.ceramint.2020.11.151
https://doi.org/10.1038/s41570-022-00384-8
https://doi.org/10.1016/j.cej.2017.12.155
https://doi.org/10.1016/j.cej.2017.12.155
https://doi.org/10.1021/ja501520b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja501520b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202103393
https://doi.org/10.1002/adma.202103393
https://doi.org/10.1021/acs.chemmater.1c01264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b00414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b00414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b00414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2TA03481F
https://doi.org/10.1039/D2TA03481F
https://doi.org/10.1016/j.chemosphere.2023.138323
https://doi.org/10.1016/j.chemosphere.2023.138323
https://doi.org/10.1038/s41929-021-00684-0
https://doi.org/10.1038/s41929-021-00684-0
https://doi.org/10.1016/j.cej.2021.128869
https://doi.org/10.1016/j.cej.2021.128869
https://doi.org/10.1016/j.cej.2021.128869
https://doi.org/10.1002/smll.202007509
https://doi.org/10.1002/smll.202007509
https://doi.org/10.1021/jacs.8b13579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.202000977
https://doi.org/10.1002/cctc.202000977
https://doi.org/10.1016/j.catcom.2019.105833
https://doi.org/10.1016/j.catcom.2019.105833
https://doi.org/10.1016/j.catcom.2019.105833
https://doi.org/10.1021/acscatal.0c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-18721-0
https://doi.org/10.1038/s41467-020-18721-0
https://doi.org/10.1038/s41467-020-18721-0
https://doi.org/10.1002/cctc.201902366
https://doi.org/10.1002/cctc.201902366
https://doi.org/10.1002/asia.201800543
https://doi.org/10.1002/asia.201800543
https://doi.org/10.1021/acscatal.0c03106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP02471F
https://doi.org/10.1039/D0CP02471F
https://doi.org/10.1039/D1TA00626F
https://doi.org/10.1039/D1TA00626F
https://doi.org/10.1039/D1TA00626F
https://doi.org/10.1016/j.jcat.2021.06.022
https://doi.org/10.1016/j.jcat.2021.06.022
https://doi.org/10.1002/pola.20292
https://doi.org/10.1002/pola.20292
https://doi.org/10.1038/s41570-018-0059-x
https://doi.org/10.1038/s41570-018-0059-x
https://doi.org/10.1038/s41570-018-0059-x
https://doi.org/10.1039/b200386b
https://doi.org/10.1002/ejoc.201402300
https://doi.org/10.1002/ejoc.201402300
https://doi.org/10.1002/ejoc.201402300
https://doi.org/10.1039/B918763B
https://doi.org/10.1039/B918763B
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2017.06.021
https://doi.org/10.1016/j.jcat.2017.06.021
https://doi.org/10.1016/j.jcat.2017.06.021
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(46) Ventura-Espinosa, D.; Martin, S.; Garcia, H.; Mata, J. A. Ligand
effects in the stabilization of gold nanoparticles anchored on the
surface of graphene: Implications in catalysis. J. Catal. 2021, 394,
113-120.

(47) Bytschkov, 1; Doye, S. Group-IV Metal Complexes as
Hydroamination Catalysts. Eur. . Org. Chem. 2003, 2003 (6), 935—
946.

(48) Penzien, J.; Haefiner, C.; Jentys, A.; Kohler, K; Miiller, T. E.;
Lercher, J. A. Heterogeneous catalysts for hydroamination reactions:
structure—activity relationship. J. Catal. 2004, 221 (2), 302—312.

(49) Beller, M.; Seayad, J.; Tillack, A.; Jiao, H. Catalytic
Markovnikov and anti-Markovnikov Functionalization of Alkenes
and Alkynes: Recent Developments and Trends. Angew. Chem., Int.
Ed. 2004, 43 (26), 3368—3398.

(50) Tillack, A.; Garcia Castro, I; Hartung, C. G.; Beller, M. Anti-
Markovnikov Hydroamination of Terminal Alkynes. Angew. Chem.,
Int. Ed. 2002, 41 (14), 2541-2543.

(51) Ronda-Lloret, M.; Slot, T. K.; van Leest, N. P.; de Bruin, B.;
Sloof, W. G.; Batyrev, E.; Sepulveda-Escribano, A.; Ramos-Fernandez,
E. V,; Rothenberg, G.; Shiju, N. R. The Role of Vacancies in a
Ti2CTx MXene-Derived Catalyst for Butane Oxidative Dehydrogen-
ation. ChemCatChem 2022, 14 (18), No. €202200446.

(52) Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.;
Cheeseman, J.; Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H.
Gaussian 16, Revision A; Gaussian Inc.: Wallingford CT, 2016.

(53) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(54) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297—3305. 10.1039/B508541A

(55) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104. 1-19

(56) Schlegel, H. B. Optimization of equilibrium geometries and
transition structures. J. Comput. Chem. 1982, 3 (2), 214—218.

(57) Fukui, K. The path of chemical reactions-the IRC approach.
Acc. Chem. Res. 1981, 14 (12), 363—368.

(58) Hratchian, H. P.; Schlegel, H. Using Hessian updating to
increase the efficiency of a Hessian based predictor-corrector reaction
path following method. J. Chem. Theory Comput. 2008, 1 (1), 61—69.

(59) Lipatov, A.; Alhabeb, M.; Lukatskaya, M. R; Boson, A.;
Gogotsi, Y.; Sinitskii, A. Effect of synthesis on quality, electronic
properties and environmental stability of individual monolayer
Ti3C2MXene flakes. Adv. Electron. Mater. 2016, 2 (12), No. 1600255.

(60) Feng, A;; Yu, Y.; Wang, Y.; Jiang, F.; Yu, Y.; Mi, L,; Song, L.
Two-dimensional MXene Ti3C2 produced by exfoliation of Ti3AIC2.
Mater. Des. 2017, 114, 161—166.

(61) Hu, T.; Wang, J; Zhang, H; Li, Z; Hu, M; Wang, X.
Vibrational properties of Ti3 C2and Ti3 C2 T 2 (T = O, F, OH)
monosheets by first-principles calculations: a comparative study. Phys.
Chem. Chem. Phys. 2015, 17 (15), 9997—10003.

(62) Ferrari, A. C.; Robertson, J. Interpretation of Raman spectra of
disordered and amorphous carbon. Phys. Rev. B 2000, 61 (20), 14095.

(63) Luo, Q; Chai, B; Xu, M; Cai, Q. Preparation and
photocatalytic activity of TiO2-loaded Ti3C2 with small interlayer
spacing. Appl. Phys. A 2018, 124 (7), 49S.

(64) Shi, H.; Chen, J; Li, G.; Nie, X.; Zhao, H.; Wong, P.-K.; An, T.
Synthesis and characterization of novel plasmonic Ag/AgX-CNTs (X
= Cl, Br, I) nanocomposite photocatalysts and synergetic degradation
of organic pollutant under visible light. ACS Appl. Mater. Interfaces
2013, S (15), 6959—6967.

(65) Leinen, D.; Lassaletta, G.; Fernindez, A.; Caballero, A.;
Gonzilez-Elipe, A.; Martin, J.; Vacher, B. Ion beam induced chemical
vapor deposition procedure for the preparation of oxide thin films. II.
Preparation and characterization of Al x Tiy O z thin films. J. Vac. Sci.
Technol, A 1996, 14 (5), 2842—2848.

3331

(66) Briggs, D.; Beamson, G. Primary and secondary oxygen-
induced Cls binding energy shifts in x-ray photoelectron spectros-
copy of polymers. Anal. Chem. 1992, 64 (15), 1729—1736.

(67) Jastrzgbska, A.; Szuplewska, A.; Wojciechowski, T.; Chudy, M.;
Ziemkowska, W.; Chlubny, L.; Rozmyslowska, A.; Olszyna, A. In vitro
studies on cytotoxicity of delaminated Ti3C2MZXene. ]. Hazard.
Mater. 2017, 339, 1-8.

(68) Magnuson, M.; Naslund, L.-A. Local chemical bonding and
structural properties in Ti3AIC2ZMAX phase and Ti3C2MZXene
probed by Ti 1s x-ray absorption spectroscopy. Phys. Rev. Res.
2020, 2 (3), No. 033516.

(69) Lukatskaya, M. R.; Bak, S.-M,; Yu, X;; Yang, X.-Q.; Barsoum,
M. W.; Gogotsi, Y. Probing the Mechanism of High Capacitance in
2D Titanium Carbide Using In Situ X-Ray Absorption Spectroscopy.
Adv. Energy Mater. 2015, S (15), No. 1500589.

(70) Al-Temimy, A.; Anasori, B.; Mazzio, K. A, Kronast, F;
Seredych, M.; Kurra, N.; Mawass, M.-A.; Raoux, S.; Gogotsi, Y.; Petit,
T. Enhancement of Ti3C2MZXene pseudocapacitance after urea
intercalation studied by soft X-ray absorption spectroscopy. J. Phys.
Chem. C 2020, 124 (9), 5079—5086.

(71) Lam, S.-M.; Jaffari, Z. H.; Ong, Y.-T.; Sin, J.-C.; Lin, H; Li, H;
Zeng, H. MXenes for Gas and Biological Sensor. Toxic Gas Sens.
Biosens. 2021, 92, 107—138.

(72) Zhou, H.; Chen, Z.; Kountoupi, E.; Tsoukalou, A.; Abdala, P.
M.; Florian, P.; Fedorov, A.,; Miiler, C. R. Two-dimensional
molybdenum carbide 2D-Mo2C as a superior catalyst for CO2
hydrogenation. Nat. Commun. 2021, 12 (1), S510.

(73) Miiller, T. E.; Hultzsch, K. C.; Yus, M.; Foubelo, F.; Tada, M.
Hydroamination: direct addition of amines to alkenes and alkynes.
Chem. Rev. 2008, 108 (9), 3795—3892.

(74) Shi, Y.; Ciszewski, J. T.; Odom, A. L. Ti (NMe2) 4 as a
precatalyst for hydroamination of alkynes with primary amines.
Organometallics 2001, 20 (19), 3967—3969.

(75) Lorber, C.; Choukroun, R.; Vendier, L. Hydroamination of
alkynes catalyzed by imido complexes of titanium and vanadium.
Organometallics 2004, 23 (8), 1845—1850.

(76) Corma, A.; Leyva-Pérez, A; Sabater, M. J. Gold-catalyzed
carbon— heteroatom bond-forming reactions. Chem. Rev. 2011, 111
(3), 1657—1712.

(77) Sengupta, M.; Das, S.; Islam, S. M.; Bordoloi, A.
Heterogeneously catalysed hydroamination. ChemCatChem 2021, 13
(4), 1089—1104.

(78) Severin, R;; Doye, S. The catalytic hydroamination of alkynes.
Chem. Soc. Rev. 2007, 36 (9), 1407—1420.

(79) Zhang, C. J.; McKeon, L.; Kremer, M. P.; Park, S.-H.; Ronan,
O.; Seral-Ascaso, A.; Barwich, S.; Coiledin, C. O.; McEvoy, N.; Nerl,
H. C. Additive-free MXene Inks and Direct Printing of Micro-
supercapacitors. In MXenes; Jenny Stanford Publishing, 2023; pp
463—48S.

(80) Erken, C.; Hindemith, C.; Weyhermiiller, T.; Hélscher, M.;
Werl¢, C.; Leitner, W. Hydroamination of Aromatic Alkynes to
Imines Catalyzed by Pd(II)—Anthraphos Complexes. ACS Omega
2020, S (15), 8912—8918.

(81) Hay, A. S. Oxidative coupling of acetylenes. I11. J. Org. Chem.
1962, 27 (9), 3320—3321.

(82) Grirrane, A.; Corma, A.; Garcia, H. Gold-catalyzed synthesis of
aromatic azo compounds from anilines and nitroaromatics. Science
2008, 322 (5908), 1661—1664.

(83) Heutling, A,; Pohlki, F.; Doye, S. [Ind2TiMe2]: a general
catalyst for the intermolecular hydroamination of alkynes. Chem. - Eur.
J. 2004, 10 (12), 3059—3071.

(84) Zhang, Z.; Schafer, L. L. Anti-Markovnikov intermolecular
hydroamination: A bis (amidate) titanium precatalyst for the
preparation of reactive aldimines. Org. Lett. 2003, S (24), 4733—4736.

(85) Shi, Y.; Hall, C; Ciszewski, J. T.; Cao, C; Odom, A. L.
Titanium dipyrrolylmethane derivatives: rapid intermolecular alkyne
hydroamination. Chem. Commun. 2003, No. 5, 586—587.

(86) Joseph, T.; Shanbhag, G. Halligudi, S. Copper (II) ion-
exchanged montmorillonite as catalyst for the direct addition of NH

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332


https://doi.org/10.1016/j.jcat.2020.12.027
https://doi.org/10.1016/j.jcat.2020.12.027
https://doi.org/10.1016/j.jcat.2020.12.027
https://doi.org/10.1002/ejoc.200390149
https://doi.org/10.1002/ejoc.200390149
https://doi.org/10.1016/S0021-9517(03)00283-5
https://doi.org/10.1016/S0021-9517(03)00283-5
https://doi.org/10.1002/anie.200300616
https://doi.org/10.1002/anie.200300616
https://doi.org/10.1002/anie.200300616
https://doi.org/10.1002/1521-3773(20020715)41:14<2541::AID-ANIE2541>3.0.CO;2-7
https://doi.org/10.1002/1521-3773(20020715)41:14<2541::AID-ANIE2541>3.0.CO;2-7
https://doi.org/10.1002/cctc.202200446
https://doi.org/10.1002/cctc.202200446
https://doi.org/10.1002/cctc.202200446
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.540030212
https://doi.org/10.1002/jcc.540030212
https://doi.org/10.1021/ar00072a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct0499783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct0499783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct0499783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aelm.201600255
https://doi.org/10.1002/aelm.201600255
https://doi.org/10.1002/aelm.201600255
https://doi.org/10.1016/j.matdes.2016.10.053
https://doi.org/10.1039/C4CP05666C
https://doi.org/10.1039/C4CP05666C
https://doi.org/10.1103/PhysRevB.61.14095
https://doi.org/10.1103/PhysRevB.61.14095
https://doi.org/10.1007/s00339-018-1909-6
https://doi.org/10.1007/s00339-018-1909-6
https://doi.org/10.1007/s00339-018-1909-6
https://doi.org/10.1021/am401459c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am401459c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am401459c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.580233
https://doi.org/10.1116/1.580233
https://doi.org/10.1116/1.580233
https://doi.org/10.1021/ac00039a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00039a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00039a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhazmat.2017.06.004
https://doi.org/10.1016/j.jhazmat.2017.06.004
https://doi.org/10.1103/PhysRevResearch.2.033516
https://doi.org/10.1103/PhysRevResearch.2.033516
https://doi.org/10.1103/PhysRevResearch.2.033516
https://doi.org/10.1002/aenm.201500589
https://doi.org/10.1002/aenm.201500589
https://doi.org/10.1021/acs.jpcc.9b11766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b11766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-25784-0
https://doi.org/10.1038/s41467-021-25784-0
https://doi.org/10.1038/s41467-021-25784-0
https://doi.org/10.1021/cr0306788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om010566b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om010566b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0342762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0342762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100414u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100414u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.202001394
https://doi.org/10.1039/b600981f
https://doi.org/10.1021/acsomega.0c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01056a511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1166401
https://doi.org/10.1126/science.1166401
https://doi.org/10.1002/chem.200305771
https://doi.org/10.1002/chem.200305771
https://doi.org/10.1021/ol0359214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0359214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0359214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b212423h
https://doi.org/10.1039/b212423h
https://doi.org/10.1016/j.molcata.2005.04.022
https://doi.org/10.1016/j.molcata.2005.04.022
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

bond to CC triple bond. J. Mol. Catal. A:Chem. 2005, 236 (1-2),
139—144.

(87) Dentoni Litta, A.; Buonerba, A,; Casu, A, Falqui, A;
Capacchione, C.; Franconetti, A,; Garcia, H,; Grassi, A. Highly
efficient hydroamination of phenylacetylenes with anilines catalysed
by gold nanoparticles embedded in nanoporous polymer matrix:
Insight into the reaction mechanism by kinetic and DFT
investigations. J. Catal. 2021, 400, 71—82.

(88) Corma, A,; Concepcién, P.; Dominguez, I; Forné, V.; Sabater,
M. J. Gold supported on a biopolymer (chitosan) catalyzes the
regioselective hydroamination of alkynes. J. Catal. 2007, 251 (1), 39—
47.

(89) Zaed, M. A.; Tan, K. H.; Abdullah, N.; Saidur, R;; Pandey, A.
K,; Saleque, A. M. Cost analysis of MXene for low-cost production,
and pinpointing of its economic footprint. Open Ceram. 2024, 17,
No. 100526.

(90) Shuck, C. E.; Gogotsi, Y. Taking MXenes from the lab to
commercial products. Chem. Eng. J. 2020, 401, No. 125786.

(91) Patel, M.; Saunthwal, R. K; Verma, A. K. Base-mediated
hydroamination of alkynes. Acc. Chem. Res. 2017, S0 (2), 240—254.

(92) Palmisano, G.; Penoni, A.; Sisti, M.; Tibiletti, F.; Tollari, S.; M
Nicholas, K. Synthesis of indole derivatives with biological activity by
reactions between unsaturated hydrocarbons and N-aromatic
precursors. Curr. Org. Chem. 2010, 14 (20), 2409—2441.

(93) Hao, H; Schafer, L. L. Metal-Ligand Cooperativity in
Titanium-Catalyzed Anti-Markovnikov Hydroamination. ACS Catal.
2020, 10 (13), 7100—7111.

(94) Persson, L; Nislund, L.-A; Halim, J.; Barsoum, M. W,;
Darakchieva, V.; Palisaitis, J.; Rosen, J.; Persson, P. O. A. On the
organization and thermal behavior of functional groups on
Ti3C2MXene surfaces in vacuum. 2D Mater. 2018, S (1),
No. 015002.

(95) Sarycheva, A.; Gogotsi, Y. Raman Spectroscopy Analysis of the
Structure and Surface Chemistry of Ti3C2Tx MXene. In MXenes;
Jenny Stanford Publishing, 2023; pp 333—355.

(96) Escorihuela, J.; Lledds, A.; Ujaque, G. Anti-Markovnikov
Intermolecular Hydroamination of Alkenes and Alkynes: A Mecha-
nistic View. Chem. Rev. 2023, 123, 7100—7111.

(97) Corma, A. Inorganic Solid Acids and Their Use in Acid-
Catalyzed Hydrocarbon Reactions. Chem. Rev. 1995, 95 (3), 559—
614.

(98) Corma, A, Garcia, H. Lewis Acids: From Conventional
Homogeneous to Green Homogeneous and Heterogeneous Catalysis.
Chem. Rev. 2003, 103 (11), 4307—4366.

(99) Maleski, K; Ren, C. E.; Zhao, M.-Q.; Anasori, B.; Gogotsi, Y.
Size-dependent physical and electrochemical properties of two-
dimensional MXene flakes. ACS Appl. Mater. Interfaces 2018, 10
(29), 24491—24498.

(100) Wang, K.; Zhou, Y.; Xu, W.; Huang, D.; Wang, Z.; Hong, M.
Fabrication and thermal stability of two-dimensional carbide Ti3C2
nanosheets. Ceram. Int. 2016, 42 (7), 8419—8424.

(101) Khazaei, M.; Mishra, A.; Venkataramanan, N. S.; Singh, A. K;;
Yunoki, S. Recent advances in MXenes: From fundamentals to
applications. Curr. Opin. Solid State Mater. Sci. 2019, 23 (3), 164—
178.

(102) Benchakar, M.; Loupias, L.; Garnero, C.; Bilyk, T.; Morais, C.;
Canaff, C,; Guignard, N.; Morisset, S.; Pazniak, H.; Hurand, S.; et al.
One MAX phase, different MXenes: A guideline to understand the
crucial role of etching conditions on Ti3C2Tx surface chemistry. Appl.
Surf. Sci. 2020, 530, No. 147209.

(103) Gribkov, D. V.; Hultzsch, K. C. Hydroamination/cyclization
of aminoalkenes using cationic zirconocene and titanocene catalysts.
Angew. Chem., Int. Ed. 2004, 43 (41), 5542—5546.

3332

https://doi.org/10.1021/jacs.4c13481
J. Am. Chem. Soc. 2025, 147, 3315-3332


https://doi.org/10.1016/j.molcata.2005.04.022
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2021.05.024
https://doi.org/10.1016/j.jcat.2007.07.021
https://doi.org/10.1016/j.jcat.2007.07.021
https://doi.org/10.1016/j.oceram.2023.100526
https://doi.org/10.1016/j.oceram.2023.100526
https://doi.org/10.1016/j.cej.2020.125786
https://doi.org/10.1016/j.cej.2020.125786
https://doi.org/10.1021/acs.accounts.6b00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/138527210793358277
https://doi.org/10.2174/138527210793358277
https://doi.org/10.2174/138527210793358277
https://doi.org/10.1021/acscatal.0c00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2053-1583/aa89cd
https://doi.org/10.1088/2053-1583/aa89cd
https://doi.org/10.1088/2053-1583/aa89cd
https://doi.org/10.1021/acs.chemrev.2c00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00035a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00035a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030680z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030680z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ceramint.2016.02.059
https://doi.org/10.1016/j.ceramint.2016.02.059
https://doi.org/10.1016/j.cossms.2019.01.002
https://doi.org/10.1016/j.cossms.2019.01.002
https://doi.org/10.1016/j.apsusc.2020.147209
https://doi.org/10.1016/j.apsusc.2020.147209
https://doi.org/10.1002/anie.200460880
https://doi.org/10.1002/anie.200460880
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

