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2D materials based on Group 15 elements (pnictogens) have
appeared during the last ten years, with a rich surface chemistry
characterized by a plethora of dangling electron pairs, ready to
interact with outer molecules. These molecular interactions
enable catalytic properties beyond any external electro- or
photo-stimulus. In analogy with carbocatalysis, defined as
thermal catalytic processes over extended carbon surfaces
(graphene, nanotubes, etc), we propose here the term
“pnictocatalysis”, defined as thermal catalytic processes over

1. Background and Introduction

Catalytic processes appear in >80% of the manufacturing
syntheses in industrial chemistry. The search for more active
and more selective catalysts is of utmost importance for
keeping our modern style of life. Among these, solid catalysts
are preferred at the industrial level for a better managing and
stability, including easy recovery and recycling. A typical
support in catalysis is carbon (charcoal), which has played a
prominent role during decades, considered as a stable and
neutral carrier" Indeed, charcoal was reported in 1925 as the
first “carbocatalyst”, for the aerobic oxidation of malonic and
oxalic acids.” However, the advent of well-structured carbon
nanomaterials such as fullerenes (0D), nanotubes (1D, 3D) and,
particularly, graphene (2D, Figure 1 top)® sparkled the use of
carbon surfaces as a catalyst in their own. The catalytic process
takes advantage of an electron-rich, high surface carbon, which
allows multiple non-covalent van de Waals interactions (such as
n-stacking) with external molecules, ultimately enabling the
activation of reactive functional groups (Figure 1 bottom) and
triggering catalysis. The active sites in the different carbon
materials can be the same or not, depending on the topology
of the material, and confinement effects can have an impact
during the catalysis. However, the open structure of graphene,
with several defect types in graphene oxide, can provide
catalytic benefits for the 2D material. Besides, different active
sites are present in the latter, thus the catalytic activity of basal
and edge carbon atoms could be differentiated during the
catalytic studies, providing new catalyst design possibilities.
These processes were coined as carbocatalysis and, despite

[a] Dr. F. Garnes-Portolés, Dr. A. Leyva-Pérez.
Instituto de Tecnologia Quimica.
Universitat Politécnica de Valéncia — Consejo Superior de Investigaciones
Cientificas.
Avda. de los Naranjos s/n, 46022, Valencia, Spain
Phone: +34963877800
Fax: +349638 77809
E-mail: anleyva@itq.upv.es

s

P. Congost-Escoin, Dr. G. Abelldn

Instituto de Ciencia Molecular (ICMol).

Universidad de Valencia.

Catedrdtico José Beltrdn 2, 46980, Paterna, Valencia (Spain)

© © 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

ChemCatChem 2024, 16, €202400123 (2 of 12)

extended pnictogen surfaces (which include phospho-, arsene-,
antimony- and bismuth-catalysis). Pnictocatalysis consitutes a
new field in catalysis, with unexplored latent reactions to be
encountered. In this minireview, we show the few examples
found to date (not more than ten), which mark the pathway to
find new pnictocatalyzed reactions, not exclusive with two-
dimensional (2D) materials but also with other pnictogen
nanostructures.

young (<fifteen vyears), it can be considered as a well-
established field in catalysis.”

Other 2D materials followed the appearance of graphene.!
Among them, 2D pnictogens (2D-Pn) showed exceptional
properties, not only by the much lower Fermi level (~1eV
depending on the type of 2D pnictogen) compared to
graphene (2.2 eV), which gives access to much efficient
electro-""? and photo-processes,”'” but also by the intrinsic
unsaturated chemical structure of the pnictogen, with a
plethora of extrenal electron pairs.'"" The latter is very
convenient to design new catalytic processes, without any
electric current or light stimulus. However, the (thermal)
catalytic transformation of reactants with extended pnictogen
surfaces, which we name here as pnictocatalysis, in analogy with
carbocatalysis,"* has rarely been studied. Less than ten
examples of thermal catalysis with low valence (0) pnictogens
can be found in the literature (not a single example for
arsenene).” The reasons for this lack of pnictocatalytic
examples are arguably the following: i) 2D pnictogens show
enhanced electronic and optical properties compared to the
carbon analogues (i.e. graphene), thus the vast majority of
catalytic examples with 2D pnictogens deal withelectro- or
photo-catalysis;"®'” ii) 2D pnictogens are typically synthesized
and studied by physics or physico-chemists, far from organic
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Figure 1. Top: Structure of the 2D-carbon material (graphene), a 3D-carbon
nanotube and the 2D-phosphorous material (phosphorene). Bottom: Model-
ling of a nitrobenzene molecule interacting with a graphene [left, computed
adsorption energy of 9.68 kcalmol~' (0.42 eV)]"” and a phosphorene portion
(right, computed values referred to graphene can be found)," through non-
covalent van de Waals interactions (including n—x stacking). Notice that not
only the basal but also the edge atoms may participate in the catalytic
process.
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researchers; iii) other classical pnictogen materials, such as P, in
different forms (white, red, ...), tend to react with organic
molecules, thus decomposing under typical thermal conditions
(Scheme 1);"%2" and iv) low valence pnictogens are often air-
sensitive, thus narrowing the reactions in which to be tested.

Pnictogen-based organic compounds have traditionally play
a role in catalysis as ligands rather as the catalytic site itself.
However, direct catalysis by organopnictogen compounds,
particularly phosphines (Scheme 1), has experienced a notable
grow in the last decade due to the discovery that high valence
(3+ or more) organipnictogen compounds are active as
cationic Lewis,"”? redox (typically 3 4 <5 +),*® frustrated Lewis
pairs (usually in combination with boron)® or base catalysts
(phosphazenes).” In contrast, the catalytic properties of low
valence (typically 0) pnictogens are barely studied. Thus, the
aim of this minireview is to show that low valence (2D)
pnictogens hold a great potential for thermal catalysis in
organic synthesis.

2. Structure and synthesis of 2D pnictogens
2.1. Structure of 2D pnictogens

2D pnictogens with low valence atoms exhibit a very rich
allotropy, appearing in a multitude of forms. All phosphorene,
arsenene, antimonene, and bismuthene allotropes can theoret-
ically appear in five typical honeycomb (o, B, v, , €) and four
nonhoneycomb (¢, 1, 6, 1) structures (Figure 2, top),>** consider-
ing just monolayers, from which the lowest-energy configu-
ration for phosphorous is the puckered structure a-phosphor-
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ene (black phosphorus, commercially available), while the
phases with buckled forms are the most stable allotropes for
arsenic, antimony and bismuth (Figure 2, bottom).”” In overall,
o-form exhibits an orthorhombic disposition where the atoms
are arranged in a six-member rings puckered configuration
bound together by both van der Waals and ionic forces,” while
the B-form displays a rhombohedral structure. Moreover, the
bulk properties of allotropes are influenced by the o and
structures, particularly evident in the case of heavier 2D-Pn.

2D-Pn exhibit a noticeable overlap of electronic wave-
functions between phosphorene layers, indicating a non-perfect
van der Waals behavior. This is evidenced by significantly larger
layer-to-layer binding energy compared to graphene and
MoS,,? exerting a pronounced influence on overall electrical
conduction. This influence significantly affects the performance
of photo- and electro-catalysts. For heavy pnictogens, the
strengthening of these interlayer interactions - increasing from
As to Bi - enhances their metallic character, and poses
challenges in achieving effective exfoliation.

2.2. Synthesis of 2D pnictocatalysts

The first reports on few-layer and monolayer black phosphorus
(bP) were published in 2014 using micromechanical exfoliation
with Scotch tape and bulk crystals of bP, synthesized after
transforming red phosphorus under high pressure and high
temperature.®” Immediately, several studies highlighted the
bP’s high sensitivity to environmental conditions compared to
other 2D materials.®" Soon after, liquid-phase exfoliation (LPE)
of bP using N-methyl pyrrolidone (NMP) was demonstrated
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Scheme 1. Synthetic route of pnictogens. Most of them, except Bi (natural), are obtained after reduction of the naturally-occurring oxide with carbon at high
temperature. The resulting low valence materials can be engineered to fabricate 2D pnictogens. When treated with stronger reactants, the atoms enter into
the monoatomic pnictogen family of compounds (exemplified here for phosphorous). Red: reduction process (i.e. with thiols). The monoatomic phosphorous
compounds act as catalytic sites (not ligands) in a diversity of mechanisms, the most representative are indicated.

(Figure 3a).®? This method, later applied to heavy pnictogens,

involves delaminating millimeter-sized crystals through external
energy application, followed by grinding, dispersion in solvents,
and sonication or shearing forces. Centrifugation yields stable
suspensions with nanomaterials of varying size, thickness, and
oxidation degrees. In 2015, Coleman and co-workers showcased
the advantages of using N-cyclohexyl-2-pyrrolidone (CHP) for
obtaining highly crystalline flakes (Figure 3c-e). These disper-
sions typically feature FL-bP flakes approximately 10 nm in
thickness and <500 nm in lateral dimensions. Importantly, the
use of CHP significantly improved bP stability under atmos-
pheric conditions.®” Furthermore, the LPE process has been
optimized using a sequential solvent exchange process from
NMP to THF yielding average thickness of H=11.54+0.2 nm and
lateral sizes ranging from 45 to 475 nm (Figure 3e-f).2¥ Another
top-down strategy that has been investigated and used in
pnictocatalysis consists of using bP intercalation compounds
(bPICs) with metallic Na and K (Figure 3b).?*** These intercala-
tion compounds have been used to covalently functionalize bP
with different organic molecules (Figure 3g), but can also be
explored to generate more electron-rich compounds such as

KP (36,37]

012 29 00 0.08 e
ki Q Q e In the pursuit of achieving significant amounts of 2D
= o ‘ 00 9 0 °0 i pnictogens, the same production strategies were applied to 2D
g v 00 Qo o G antimony (Sb) materials. Following the first isolation of puME
E SRPS BT ' a% S TTET ;004 Sb,®¥ we demonstrated the viability of the LPE approach for
% Y ¢ 1 Y 1 2D-Sb production (Figure 4a).*” The use of tip sonication in an
';; Anhmglene Bismuthene 0.06 i-propanol/water mixture yielded stable dispersions of few-layer
<1, 008 _ Sb, showcasing stability for months under ambient conditions
0.03 2 Y [+ ] i (Figure 4c—e). Leveraging knowledge from bP, we investigated
000 @ ° [+ 1" ) . the correlation between thickness and the number of layers
003 - 0 e i °° : : ° ; B using atomic force microscopy (AFM) and Raman spectroscopy,
afpydetnbu aBydelnO and we obtained significant information about the surface

. i o oxidation of these materials.”” Indeed, to prepare unoxidized
Figure 2. Views of the relaxed Group 15 monolayer allotropes with five

typical honeycomb structures (, B, v, 3, €) and four non-honeycomb few-layer Sb, the ionic liquid 1-butyl-3-methylimidazolium
structures (¢, m, 6, 1), together with their calculated average binding energies, tetrafluoroborate ([bmim][BF,]) was utilized, resulting in open-
to compare stability at the lowest-energy configuration. Adapted with air stable suspensions of unoxidized FL-Sb nanosheets (Fig-
permission from Ref. [26]. 1] . . . .
ure 4f-g).*" Despite generating poorly defined morphologies,
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Figure 3. Preparation of two-dimensional black phosphorus (2D-bP). a) General scheme of the liquid phase exfoliation and sequential size selection through
liquid cascade centrifugation, with a photograph of a dispersion of exfoliated few-layer bP. b) The reductive exfoliation of black phosphorus (bP) involves
intercalating alkali metal in the solid state under controlled heating. The resulting product is then dispersed in tetrahydrofuran (THF), followed by sonication
and reaction with an electrophilic trapping reagent, typically an alkyl iodide. c) Transmission electron microscopy (TEM) images of liquid phase exfoliated FL-
BP (scale bar 500 nm). d) high-angle annular dark field-scanning transmission electron microscopy (HAADF) STEM image of FL-BP showing the intact atomic
lattice (scale bars 1 nm). e) Wide area scanning Raman microscopy image of FL-BP deposited on Si—SiO, substrates. f) Thickness histogram of the exfoliated FL-
bP obtained from AFM. Inset: Plot of the nanosheet length as a function of the flake height. The average thickness is H=11.5+0.2 nm. g) Mean Raman

spectrum of methylated NaP,. Adapted with permission from Refs. [36-37 and 41].
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Figure 4. Preparation of two-dimensional antimony (2D-Sb). a) Schematic representation of the LPE of Sb to obtain FL antimonene nanosheets. b) Bottom-up
synthesis of hexagonal antimonene via colloidal approach. c) TEM image (scale bar 100 nm) of FL antimonene nanosheets exfoliated by LPE in aqueous media
under ambient conditions. d) Single-point Raman spectra of the FL antimonene flakes of different thickness. Inset show the AFM of the measured flakes (scale
bar 500 nm). e) HAADF atomic-resolution image of a LPE exfoliated flake (image taken along the [0-1 2] direction). f) A,y Raman (4., =532 nm) mapping of FL
antimonene nanosheets exfoliated by LPE under inert conditions using [bmim][BF,] ionic liquid. g) Plot of the nanosheet length as a function of the flake
height (obtained from AFM). h) Histogram of the apparent thickness of the exfoliated FL-Sb obtained from AFM (sample size=271). The inset shows an AFM
image of a nanosheet along with its corresponding height profiles of ca. 4 and 18 nm, respectively. Inset, scale bar: 100 nm. i) TEM images of antimonene
hexagonal flakes (scale bar 200 nm). j) AFM image of an FLA hexagon showing the height profile of ~5 nm (scale bar 1 micron). k) Raman mapping of the A,
(150 cm ™) intensity of antimonene. Inset show the optic micrograph of the measured flake. I) Histogram of 100 hexagonal particles. m) HAADF-STEM image
of individual hexagonal nanosheet. n) Colorized high resolution STEM-HAADF image to emphasize the amorphous edge - enriched in oxygen - surrounding
the particles. Inset shows the FFT demonstrating the crystallinity of the material. Scale bar of 5 nm. Adapted with permission from Ref. [41].
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this LPE strategy allowed the isolation of FL-Sb without
oxidation. Subsequent studies aimed to improve lateral size
distribution and exfoliation yield, considering various exper-
imental conditions, pre-treating protocols, and solvents. While
NMP:water mixtures enhanced yield, 2-butanol increased the
dimensional anisotropy ratio. Interestingly, FL-Sb from the NMP:
water mixture exhibited lower oxidation, likely due to the
formation of a protective layer.””

Arsenene will not be discussed here, as any example related
to pnictocatalysis was not found in the literature.® For
bismuthene, traditional LPE faces challenges due to greater
interlayer interactions,”” leading to the development of novel
assisted exfoliation methods, including a strategy combining
water exfoliation with H,0,/H,SO, intercalation.””

The limitations of top-down approaches, particularly LPE, for
producing heavy pnictogens (Pn) are evident. The aspect ratios
achieved are relatively small compared to other 2D materials
like graphene, with heavier Pn exhibiting increased interlayer
interactions. Notably, phosphorene nanoribbons (PNRs) have
shown controllable top-down production with impressive
aspect ratios up to 1000."' However, the challenges persist for
heavy Pn. The solution might lie in bottom-up wet-chemical
methods, with examples in the literature demonstrating the
controlled synthesis of Sb, and Bi nanoentities using various
reducing agents.”® A pioneering work on metallic B-Bi nano-
particles, hexagonal nanoplatelets, and nanoribbons represents
a promising avenue for producing larger and thinner Pn-based
2D nanomaterials.***” The first colloidal synthesis of

2D-Sb in 2019 led to the production of large hexagonal
crystals,”*® afterward parameters were optimized for achieving

30eq

200 nm

Intensity (a.u.)

high-quality few-layer Sb hexagons in large quantities using a
continuous-flow synthesis reactor (Figure 4b).*? Chloroform
was identified as a suitable solvent for maintaining unoxidized
surfaces. Colloidally obtained Sb crystals demonstrated favor-
able structural, morphological and electronic properties com-
pared to micromechanical exfoliation (Figure 4h-m).

When it comes to bismuth, a colloidal photocatalyzed one-
pot redox reaction to synthesize a few-layer bismuth hybrid
with “electronic grade” structural quality is feasible (Figure 5).”
The material exhibits a unique sulfur-alkyl-functionalized recon-
structed surface, preventing oxidation and resulting in a tuned
electronic structure. The scalable synthetic process unveiled
unexpected electronic properties for the material.*? Indeed,
exploring the colloidal synthesis of 2D bismuth is a promising
avenue, offering nanomaterials with high structural and
morphological quality, a significant challenge for the heavier
member of the pnictogen family. The observed protection of
the surface, exerted by the thiol groups on the 2D hybrid
material (Figure 5b-g), plays an important role in the surface
chemical reactivity as will be discussed below. Overall, bP and
Sb could be successfully prepared using top-down approaches
such as LPE, whereas heavy pnictogens like Bi necessitate
bottom-up chemical routes to obtain high-quality samples
suitable for catalytic studies.

a)
i = CHs(CHa)1sCH=CH
34 = 3(GH2)15GH=GHz
CH“‘CHZ)‘CHZ%O' B®* 4+ NH,CHp(CHz)sCHz  CHa(CHg)gCHy ~————————= CHa(CHz)oCHzSH —————————= Bi® + CHy(CHz)10CHz5—SCH,(CH,):,CH;
200° C, vac, hv 200° C, Ar, hv
HaC CHg _
3 o

10 eq.

R

.k
R
|

h) i)
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Figure 5. Preparation of two-dimensional bismuth (2D-Bi). a) Colloidal synthesis reaction equation of the bismuthene hexagonal flakes, with given molar
equivalents for the reaction. Photographs show the progressing color change along the reaction coordinate during the reduction of Bi" to Bi°. b) Bi-Ma and c)
S—K integrated scanning transmission electron microscopy energy-dispersive X-ray spectroscopy (STEM-EDX) intensity of the obtained hexagonal flakes. d)
Overview bright field transmission electron microscopy (BF-TEM) data and e) typical indexed diffraction pattern of the hybrid material with superstructure
reflections indicated. f) Colorized large area high-resolution scanning transmission electron microscopy (HRSTEM) data with the blown-up area and FFT (with
contributions from Bragg and superstructural reflections indicated as black and red dots, respectively) as the inset. g) AFM of individual crystallite with
indicated height profile. h) Unprocessed Raman spectrum of individual crystallite. i) Powder X-ray diffraction (PXRD) pattern of the synthesized material with

the expected diffraction peaks indicated by pink ticks. Adapted from Ref. [49].
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3. Pnictocatalysis
3.1. Phosphocatalysis

Multiatomic phosphorous(0) compounds such as P, are known
from ancient times and constitute the basis for the synthesis of
monatomic oxidized phosphorous compounds, either inorganic
or organic (see Scheme 1 above). However, perhaps due to its
facile transformation to other compounds, it is difficult to find
any application of P, as a catalyst in the literature.

In contrast to P, phosphorene (black phosphorous allo-
trope) is a relatively stable material. Stabilized and protected
from any atmospheric oxidation by ionic liquids (see Figure 3
above), few-layer phosphorene (bP) can be managed out of the
glove box. In this way, it was found that bP is an efficient
catalyst for the selective alkylation of benzyl alcohol 1 with tert-
butyl acetate 2 (Figure 6a).*” The single product obtained with
bP (5 mol%) as a catalyst is tert-butyl benzyl ether 3, in 46%
yield and >99% selectivity, with a turnover frequency (TOF) of
20 h™". In striking contrast, 33 other catalysts tested, including
graphene, strong Bronsted acids, metal salts and solid acids,
among others, were either inactive, much less efficient (lower
TOFs) or unselective (see Figure 6a for three representative
examples). The main product found for the rest of active
catalysts was the corresponding acylated benzyl alcohol.

a) i
1
Me/U\O’BU
2 (1.5 equiv.) o)B“ Catalyst 3 (%) Select. (%) TOF (h")
OH g HpSO, 24 35 24
Phosphorene HOTf 48 48 154
1 (5 mol%), 3, 46% CoCl, 44 >99 7
bmimBF, (1 M),  Selectivity: >99%  Bi(OTf); 37 79 6
75°C,20h TOF: 20 h™!
E)
b) oh Ro_ 0
Sl e
2
de” ‘/0 RALOH ; el £
JEFET A <2 SEUE A
i AL mechanism &
Phosphorene ©_/ ©_/ 1
or antimonene 0R2
c) Competitive test d)  Chirality test
Phosphorene
1or o (As in the
L {Me on (10 mol%) 3+ Me\M/;J'B” QAc Ccn:::tmwe OMe
% 9 MeOH (10 equiv.), s Bh M ) | oo
(1 equiv) bmImBF4 (1 M),
75°C, 20 h 6 7, 15-20%
Catalyst Vo (3/5) Yield (3/5. %)
Phosphorene 10.0 67/14
HOTf 1.7 42/29

Figure 6. a) Catalytic results for the alkylation reaction of 1 with 2, to give 3
as the main product. The new formed bond is highlighted in black (also in
the rest of Figures). Mass balances are completed with unreacted starting
material and the acylated benzyl alcohol as a by-product. b) Proposed
mechanism for the alkylation reaction (AL mechanism), where n—x stacking
of the aromatic ring to phosphorene is key for the pnictocatalysis. c)
Competitive and d) chirality tests to probe the reaction mechanism.
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This unique bP-catalyzed reaction proceeds through a
challenging and selective C(sp®)—O alkyl cleavage (AL mecha-
nism), in contrast to the more common C(sp?)—0 acyl cleavage
(AC mechanism, Figure 6b). A competitive test between 1 and
decyl alcohol 4, with 2, showed that the relative initial rate for
the aromatic substrate is 10 times when bP is used as a catalyst,
and that ratio is only 1.7 with HOTf, to give significant amounts
of product 5 (Figure 6¢). Hammett plots confirmed that electron
withdrawing groups (EWG) on the aromatic alcohol increase the
reaction rate with bP, while electron donor groups (EDG)
increase the rate with HOTf, the latter being the expected
behavior for a free nucleophile. Kinetic experiments with
isotopically labeled D,-1 (PhCD,0OH) give a significant secondary
kinetic isotopic effect of 1.4(5) for the bP catalyst, and
calorimetry experiments confirmed that 1 strongly adsorbs to
the phosphorene surface, even at just 30°C. All these results,
together, strongly supports that an electron donation from bP
to the aromatic ring occurs, in accordance to the known ability
of bP®” to transfer electron charge to planar aromatic
molecules. Indeed, nitrobenzene inhibits the reaction, since its
high electron-deficient aromatic ring strongly adsorbs on the
2D material, hampering the interaction of bP with 1. A further
proof that the basal and not the edge atoms are strongly
interacting with the aromatic molecules is that 2D nanosheets
with different thickness - thus with a different ratio of
accessible bulk/edge atoms - show that the catalytic activity
increases with the higher number of bulk atoms. This can also
be due to more probable oxidation of unsaturated P atoms in
vertexes and edges, thus do not participating during catalysis.

Following the above rationale, a deficiency of charge in the
material, stabilized by the layers underneath,®® will occur after
adsorption of the aromatics, which may constitute the driving
force to activate the ester group and generate the stabilized
R*(4+) carbocation. This effect was confirmed by the racemiza-
tion of the chiral benzyl alcohol R-1-phenylethanol acetate 6
with methanol, to form product 7 (Figure 6d). The unchanged
entropy in the transition state [AS*=0.0(2) KJmol™], calculated
by an Eyring plot during the reaction between 1 and 2
catalyzed by bP, is consistent with the proposed mechanism,
where both reactants bind to the P atoms and couple rapidly
after carbocation formation.

In view of the extraordinary adsorption capacity of bP for
aromatics, particularly electron deficient rings such as nitro-
benzene, the radical coupling between para-nitrothiophenol 8
and styrene 9 was studied (Figure 7)." Here, electron defficient
aromatic moieties were leverage to co-adsorb the reactants on
the 2D pnictogen surface, and promote the attack of the thiol

Ph X
< > talyst 10 (%)
H Ph Catalyst
Q/S 9(05eq,) 4< Phosphorene 82
O.N Catalyst (5 mol%),

Fe(OTf), 44
3 THF (0.25 M),

Ph/\/s \[ j - <5
25°C Ny, NO

2
16 h, darkness

Mixture of isomers, 10

Figure 7. Catalytic results for the radical coupling between 8 and 9. Tf:
trifluoromethanesulfonate.
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to the alkene. With bP in catalytic amounts (5 mol%), a mixture
of Markovnikov and anti-Markovnikov radical coupling products
10 could be obtanied in 82% yield at room temperature. The
well-known catalyst in the literature® [Fe(OTf);] only gave a
44% yield of 10, while the reaction proceeds in <5% without a
catalyst. These results confirm the exceptional catalytic activity
of bP towards aromatic susbstrates through n-n stacking
interactions, in clear parallelism with carbocatalysts.>*

Alkenes are, in principle, also able to establish n-n stacking
interactions with the bP surface, thus the coupling of nitro-
derivatives with simple alkyl alkenes was also studied. The
results for the coupling between nitroderivative 11 and 1-
dodecene 12 shows that bP (5 mol%) indeed catalyzes the
reaction at room temperature, to give 55% yield of the 2-
chlorododecylamine product 13 (Figure 8).°" A reported cata-
lyst for this challenging reaction®™ (FeCl,) gave only a 38 % yield
of 13 under similar reaction conditions, while the blank experi-
ment gave a 17 % yield.

Radical addition reactions to terminal alkenes are extremely
useful transformations in organic synthesis, thus the use of bP
as a catalyst for this reaction was further studied.®" The
prototypical addition reaction of halogens to alkenes is known
as the Kharasch reaction, and consists in the breaking and
addition of X—CX; (X: halogen or H) across the double bond,
akin to the chloroamination seen above. The results for the
Kharasch coupling between 1-decene 14 and bromotrichloro-
methane 15 (Figure 9) show that only a 0.005 mol% of bP is
enough to catalyze the coupling and give 3-bromo-1,1,1-
trichloro undecane product 16 in 51% yield. The reference
catalyst for this reaction®™ [Fe(CO);] gave a 60% yield of 16 but
with an initial rate nearly three orders of mangnitude lower
(0.01 vs 7.12s7" for bP). Other representative 2D and redox-
active nanoparticulated materials such as graphene, single-
walled carbon nanotubes (SWCNT), boron nitride, nanotitania,
nanoceria and, remarkably, pristine non-exfoliated black phos-
phorous, did not catalyze the reaction at any catalyst loading
tested. In contrast, the more electron-rich black phosphorus
intercalation compound material KP¢,® which basically consists

o MEW
©) 8
~NH; 12 Catalyst 13 (%)
/©/MO e (0.5eq) MEW NH,  Phosphorene 55
O,N oTf Cl FeCl, 38

Catalyst (5 mol%),
NaCl (1eq.)
THF/MeOH/DCM

(1:1:0.2, 0.25 M),
25°C, Ny, 16 h

1" 13 - 17

Figure 8. Catalytic results for the radical coupling between 11 and 12.

CBrCly
15 (1 equiv) MeWCCI Catalyst (mol%) 16 (%) TOF (s™)
Mey~nr —= S ® Fe(CO)s(5) 60 0.01
6 14 Phosphorene NapFe,(CO)s (5) 81 0.02
(0.005 mol%), 16, 51% KPg (3) 6 10.04
THF (0.25 M), TOF: 7.12s™ KCg (5) 52 0.76

25°C, Np, 24-72h
Figure 9. Catalytic results for the radical coupling between 14 and 15

(Kharasch reaction), to give 16. The catalyst mol% employed is the lowest to
achieve maximum TOF, after 24 h.
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of K atoms intercalated between the few layers bP structure
(see Figure 3b above), gave the highest TOF, of all compounds
tested (>10s7"). Unfortunately, the reaction stopped rapidly,
probably due to the rapid decomposition of the extremely
sensitive KP, material. Since KPy is electron richer than bP, it
was thought that the graphene analogous KC,***” may also
catalyze the reaction. Indeed, KC; gave a 52% yield of 16 and a
reasonable TOF, (0.76 s™', see Figure 9). These results suggest
that the catalyst for the Kharasch reaction must have a balance
between electron richness and stability, regardless the chemical
nature; indeed, a more electron rich Fe compound such as
Na,Fe(CO), [Fe oxidation state (-Il), compare with Fe(CO); where
the Fe oxidation state is 0] gave the highest yield of 16 (81 %)
with, however, a very low TOF, (0.2 s™"). Overall, bP balances
better yield and rate among all catalysts tested.

Mechanistic studies were performed in order to explain the
high catalytic activity of bP for the Kharasch reaction (Fig-
ure 10). The Raman spectra of bP dispersed in THF (Figure 10a)
shows that the vibrational bands at 362, 440 and 466 cm™',
corresponding to the A',, B, and A%, modes, respectively, which

a)

T=10 h, BP + 1-Hexene ch,
+CBrCl, ’

A T=0 h, BP + 1-Hexene

A +CBrCl, P——
E E! |
i AE &

T=0h,BP

Intensity / a.u.

1 2
Al B, A

T

T T T T T T
200 300 400 500 600 700 800 900

Raman shift / cm”
b) c) =
|
%‘” A
N |

3320 3330 3340 3350 3360 3370 3380 3390
Magnetic Field / G

Normalized ESR Intensity / a.

12 0. 12 20

“ 0.4 -
EIVvs. fc*lfc

)
n
R-X cat X =Cl, Br;
Cat = Phosphorene,
. I- pal-
R XCatt+ R SR KP4, KCg, Fe™", Fe
l—+ n ) ATRP

R ATRA

Figure 10. a) In-situ liquid Raman spectra of phosphorene (named BP in the
spectra) in THF, after the addition of 1-hexene and CBrCl; 15. b) Cyclic
voltammograms at glassy carbon electrode of a 10 mM 14 plus 10 mM 15
solution in 0.10 M Bu,NPF,/DMSO before (red line) and after (black line)
adding catalytic bP. Potential scan rate 50 mVs™". ¢) Emergent PBN EPR
signal due to the formation of PBN—CCl; adduct in presence of bP in THF. d)
Plausible mechanism for the bP-catalyzed atom-transfer radical addition
(ATRA) and polymerisation (ATRP) reactions. R=Ar, alkyl. Adapted from ref.
[511.
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keep stable during reaction, while the main characteristic band
at 1641 cm™' for the alkene (in this case 1-hexene) and the six
bands for 15 change during reaction to give new Raman bands
at 168, 224, 275 and 372 cm™', which correspond to the product
3-bromo-1,1,1-trichloro heptane. Cyclic voltammograms re-
corded during the reaction between 14 and 15 with (black line)
and without (red line) phosphorene as a catalyst (Figure 10b)
show that the intensity of both the reduction and the coupled
oxidation signals of 15 (Cix and A,, respectively) decrease in the
presence of the phosphorene catalyst and, remarkably, any
apparent change in the oxidation state of P does not occur, in
contrast with the clear oxidation that suffers phosphorene
when the reactants 14 and 15 are not present.

Electron paramagnetic resonance (EPR) measurements (Fig-
ure 10c) show the expected signals for the product of the
radical coupling between CCl; radicals (from CBrCl; 15) and N-
tert-butyl-a-phenylnitrone (PBN) spin trap,***” which defini-
tively proves the radical mechanism on bP. The intensity gain of
the PBN bands is a clear signal of the successful reduction of
the molecule, with the characteristic N triplet signal due to a
hyperfine coupling of the electron to the N nucleus. The
additional splitting of the triplet is caused by the H nuclei in the
spin adduct PBN—CCl;, and any other signal corresponding to
the addition of Cl atoms to PBN is not observed. These results
strongly support that the mechanism for the Kharasch reaction
with bP as a catalyst (Figure 5d) consists in an atom-transfer
radical addition (ATRA) from bP to the alkyl halide, to form-CX;
species which engages with the alkene to finally add the
remaining -X and finalize the catalytic cycle.®" This mechanistic
proposition nicely engages with the ability of bP to couple with
alkyl halides by temporal breaking of lattice P—P bonds.”

3.2. Antimony-catalysis

Antimonene (Sb) protected by an ionic liquid (Figure 4f-g) was
also used in the alkylation reaction of 1 with 2, and the catalytic
result showed a nearly four times higher initial rate for Sb
compared to bP under the same reaction conditions (73 vs
20 h™', see Figure 6a above) and a higher yield (57%).”"
Mechanistic studies concluded that both 2D pnictogens cata-
lyzed the alkylation reaction by the same mechanism (see
Figure 6b above), and that the higher catalytic activity of Sb
compared to bP comes from the higher polarizability of the
former, allowing a better charge distribution after the adsorp-
tion of the reactants.””

The higher catalytic activity of Sb in the alkylation reaction
facilitated the investigation of a broad substrate scope (Fig-
ure 11).*" The results show that not only benzyl alcohols
(products 3, 17 and 25) but also other alcohols (products 18,
25-27), thiols (products 19 and 20) and indoles (products 21-
24) engage well in the reaction, even when the molecule
contains acid-or base-sensitive functional groups, which will not
be tolerated under classical strong acid or base conditions. The
alkylation reaction can also be run with different tert-butyl
esters and at two-gram scale for product 3.

ChemCatChem 2024, 16, €202400123 (9 of 12)

As said above, electrochemical processes are not included
in the pnictocatalysis concept proposed here, however, it must
be remarked that Sb nanoparticles can display electrocatalytic
activity, such as in the hydrogen evolution reaction.’”

3.3. Bismuth-catalysis

The decarboxylative oxidation reaction of 4-bromomandelic
acid 28 to 4-bromo benzoic acid 29 (Figure 12) is, to our
knowledge, the first thermal organic reaction catalyzed by
pristine bismuth.*? A 1 mol% in bismuth of the 2D sandwiched
bismuth/bismuthene hybrid material after removing some of
the thiol protecting groups on surface (see Figure 5 above)
catalyzes the reaction in 70% vyield, similar to the yield obtained
with pure bismuth particles (72%) and bulk bismuth metal
(82%).[63]

A second reaction catalyzed by bismuth is the Friedel-Crafts
acylation between benzoyl chloride 30 and toluene 31 (Fig-
ure 13).*" The reaction is performed in an ionic liquid
([lemim][NTf,]), which helps to avoid overoxidation, and the
results show that the 2D protected sandwiched bismuth/
bismuthene hybrid material catalyzes the reaction in 12% vyield,
while the unprotected bismuth particles achieve a 69% yield.
The participation of some oxidized species may be expected,®
however, the highly accessible 2D bismuth(0) material seems
also to be active for the reaction.”””

The synthesis of Bi nanoparticles as catalysts for the
reduction of nitroarenes with sodium borohydride has also
been reported.®®

4. Conclusions and perspective

Pnictocatalysis, i.e. catalysis on extended pnictogen surfaces by
reactant adsorption and transformation without previous
variation of the electronic state of the pnictogen by external
stimuli (electric current, light ...), allows organic transformations
in an efficient manner, better than the state-of-the-art catalysts
under different reaction conditions. The parallelism between
pnicto- and carbo-catalysis is clearly illustrated with the similar
activation exerted by the 2D material surface on aromatic
substrates, which, in the case of pnictogens, include a variety of
reactions such as Lewis acid catalyzed alkylations and radical
additions, to forge new C-C, C—O, C-S, C—N and C-halide
bonds.

It is anticipated that an increasing number of pnicto-
catalyzed reactions will emerge in the coming years. The wider
availability of 2D pnictogens in different exfoliated forms, the
higher stability of these materials, and the closer collaboration
between synthetic materials and catalytic research groups
should bring the needed synergy to expand this nascent field."””
Pnictogens are constituted by non-toxic, biodegradable and
biocompatible®®® earth-abundant elements, thus the pnictoca-
talysis concept fits well in the pursuit of greener and more
sustainable processes, essential in the framework of modern
chemistry. The stabilization of 2D pnictogens in ionic liquids
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Figure 11. Substrate scope for the antimonene (Sb)-catalyzed alkylation with

27, 31%“’1

esters. R' is Me (acetate) unless otherwise indicated. In blue, the introduced alkyl

moiety; in red, particularly acid-sensitive functional groups.” 2-gram scale.” 25 mol% catalyst, 48 h. 3 equivalents of ester.
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Figure 12. Bismuth-catalyzed decarboxylative oxidation reaction of 28 to
product 29.

OH

COOH O3 (1 bar), AcOH (1.5 equiv.) COOH
+ HO
Br i Br

Bismuth (1 mol%),
28 DMSO (0.4 M), 125°C, N, 8 h

29, 70-82%
Figure 13. Bismuth-catalyzed Friedel-Crafts coupling of 30 with 31;

[emim][NTf,]: ethylmethylimidazolium triflimide. Selectivity towards the
Friedel-Crafts products is complete (any other products were not found).
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avoid the use of glove-box techniques, nevertheless, many
organic reactions are routinely run under air-free techniques,
thus the catalytic use of pristine 2D materials can also be
accomplished. Furthermore, recent progress in bottom-up
colloidal approaches, producing high-quality hexagonal 2D-
pnictogens, paves the way for the extensive utilization of these
promising materials in organic catalysis and beyond. The
unique electronic properties of these 2D materials might enable
different catalytic properties in the presence or not of simple
ambient light,® which however has not been found yet in the
examples herein reported. Last but not least, coming back to
the pnictogen chemistry roots, the use of traditional P,
materials in catalysis should also be explored, democratizing
the research in pnictocatalysis.
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