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ABSTRACT: In this work, we present the new [Bij,(u3-0)o(u,- s
0),(#;_OH)4(3,5-DSB)(H,0);]-7H,0, BiPF-4 (bismuth polymeric frame- L e
work—4) MOF, its microwave hydrothermal synthesis, as well as its behavior as a
heterogeneous catalyst in the multicomponent organic Strecker reaction. The
BiPF-4 material shows a three-dimensional (3D) framework formed by peculiar
inorganic oxo-hydroxo-bismutate layers connected among them through the 3,5-
dsb (3,5-disulfobenzoic acid) linker. These two-dimensional (2D) layers, built by
junctions of Bi7 polyhedra SBU, provide the material of many Lewis acid catalytic
sites because of the mixing in the metal coordination number. BiPF-4 is a highly
robust, green, and stable material that demonstrates an excellent heterogeneous
catalytic activity in the multicomponent Strecker reaction of ketones carried out

in one-pot synthesis, bringing a reliable platform of novel green materials based o8

on nontoxic and abundant metal sources such as bismuth.

H INTRODUCTION of new Bi-MOFs with different SBUs”**"*° have appeared,
some of them showing outstanding potential in multiple

Within the increasing environmental emergency that our
society is facing, the development of functional materials,
which can be prepared by the following low environmental
impact processes based on the use of nontoxic elements, is of
great significance. Over the years, bismuth-based processes
have been developed and applied based on their unusually low
toxicity. Thus, bismuth compounds are usually accepted as
biologically safe and nontoxic materials"* and have found wide
application as antibacterial and antifungal agents,’ ™ for
example, bismuth sulfonates that are effective against H. pylori
even when compared to commercial drugs.” In solid-state

fields.”

As for the linker, sulfonic acids with pK, values generally in
the range of 1—3 are much stronger acids than their carboxylic
acid analogues (pK, &~ 3—5), and hence, they create an ideal
environment for the formation of oxo/oxo-hydroxo-bismutate
clusters in the aqueous solution and the presence of water,’
which can be introduced as MOF SBUs. Thus, sulfonate-
carboxylate linkers have already been successfully employed to
synthesize a few bismuth MOFs with different types of
inorganic SBUs, highlighting the structural richness that the

. . oy f this element offers for ing new res.’>3% 3 5.
chemistry, bismuth compounds have been studied in important u.se of this ev.e ¢ ,t otters fo af:cess g ne . strl.lctu es Lo 3,5
. . . X 8 . disulfobenzoic acid (H;DSB) is another tritopic organic linker

applications including high TC superconductors,” ferroelectric o \ ) i T e
10,11 combining carboxylic and sulfonic acid coordinating groups,

which we have previously employed in the formation of several
rare-earth MOFs, showing various types of polynuclear
. . 34-36

inorganic SBUs.

With this context, following our interest in the study of the
influence of [p-OH] and [ = O] species on the structure
formation, and the development of novel MOFs as
heterogeneous Lewis acid catalysts,”” we have now combined

and piezoelectric materials,” oxide ion conductors,
catalysis,lz_lé thermoelectric materials,'” among others. In
the view of this, bismuth appears as an excellent candidate to
be used in the construction of metal—organic frameworks
(MOFs) because they and their derivatives are a class of
emerging promising coordination materials. There have been
several facts that prevented from a quick development of the
Bi-MOFs, namely, (i) flexible coordination geometry of Bi*Y,
which attributes to the lone pair of a hemi-directed —
coordination polyhedra tendency leading to compact one- Received: February 24, 2022 horaric Genisty
dimensional (1D) and two-dimensional (2D) frameworks, (ii) Published: May S, 2022 ‘
tendency of Bi** to form anionic frameworks as Bi has up to 10

coordination sites, (iii) hydrolysis reactivity of Bi** to form

oxides and hydroxides, and (iv) limited solubility of Bi** salts.

In spite of these facts, in the last decade, an increasing number
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bismuth and H;DSB to prepare a new MOF with catalytic
activity for the multicomponent Strecker reaction with ketones.
The Strecker reaction is a versatile way of preparing a-
aminonitriles through the attack of a nitrile group to an imine
group. The resulting a-aminonitriles can be hydrolyzed to
obtain a-amino acids or used as intermediates in the
preparation of nitrogen-containing heterocycles (such as
imidazoles and thiadiazoles) that are significant in organic
chemistry.”®

The new compound, denoted as BiPF-4 (bismuth polymeric
framework—4), has been synthesized under hydrothermal
conditions, with water as a unique solvent and the use of
microwave heating during short reaction times (1 h) (Scheme

1).

Scheme 1. Material BiPF-4 is Obtained via the
Hydrothermal Reaction of Bismuth Nitrate with the Sodium
Salt of 3,5-DSB3-Linker under Microwave Heating

HO. o]
Bi(m  + o oH Biy4(13-09)(14~02)(13-(OH)5)(3,5-DSB)5(H,0)3
\ /
_S Sy,
\Y 7N
HO \o 0/ o
3,5-H;DSB BiPF-4

The crystal structure of BiPF-4 includes inorganic SBUs
built of seven bismuth atoms with different coordination
environments, which are joined together to create a 3D, highly
robust framework. Thus, the material is chemically and
thermally stable, and it exhibits high activity and selectivity
as a heterogeneous catalyst in the three-component Strecker
reaction of ketones carried out in one-pot synthesis, high-
lighting the potential to access new Lewis acid catalyst with the
use of a nontoxic and earth-abundant element such as bismuth.

B EXPERIMENTAL SECTION

General Information. All reagents and solvents employed were
commercially available and used as supplied without further
purification: 3,5-disulfobenzoic acid, disodium salt (98% Sigma-
Aldrich), and bismuth nitrate pentahydrate (99.9% Strem Chemicals).
The infrared (IR) spectra were recorded from KBr pellets in the range
4000—250 cm ™! on a Bruker IFS 66 V/S. The thermogravimetric and
differential thermal analyses (TGA—DTA) were performed using a
Seiko TG/DTA 320U equipment in a temperature range between 25
and 1000 °C in air (100 mL/min flow) atmosphere and a heating rate
of 10 °C/min. A Perkin-Elmer CNHS Analyzer 2400 was employed
for the elemental analysis. Powder X-ray diffraction (PXRD) patterns
were measured with a Bruker D8 diffractometer, with step size = 0.02°
and exposure time = 0.5 s/step.

Synthesis and Characterization. The compound was synthe-
sized under microwave heating at 180 °C for one hour. The molar
composition of the initial reaction mixture was Bi(NO;)-SH,O (100
mg, 0.21 mmol) + 3,5-HDSBNa, (67 mg, 0.24 mmol) + water 4 mL.
This clear solution was placed in a 10 mL vessel, and after the heating
time, the obtained white crystals were washed with water, ethanol
(2x), and acetone (5 mL each). The solid was then immersed in
acetone (5 mL), which was freshly exchanged twice a day for 3 days,
and subsequently dried in air. Elemental analysis results 8.83% C,
1.02% H y 6.58% S (calculated: 8.81% C, 1.08% H, 6.72% S for
C3sHs Bi14066S10 = [Bigs(p3-0)o(py-0),(u;_OH)s (3,5-
DSB),(H,0);]*7H,0, BiPF-4 IR (KBr, cm'): 3434 v(O—H),
1602 v(C=0), 1536 v(C—0), 1363 v(C-S), 1201, 1112, 1033, 639,
and 610 v(C—C) aromatic, 784 v(C—C), 519, and 431 v(Bi—0),
Figure S1. PXRD analysis confirms the phase purity of the bulk
sample, and BiPF-4 is stable in air, with no changes in the PXRD
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pattern after several weeks exposed to air (Figure S2) and different
pH, Figure S3. TGA shows that BiPF-4 is thermally stable. After an
initial weight loss at low temperature (<100 °C) attributable to
adsorbed water molecules, the material shows thermal stability up to
above 400 °C (Figures S4, SS). Residues of TGA at 800 °C are Bi
metal in N, and a mixture of Bi;4(SO,)sO;6 and Big(SO,);0, in air
(Figures S6 and S7).

Catalytic Reaction Procedure. A mixture of ketone, amine, and
trimethylsilyl cyanide (TMSCN) was added to a Schlenk tube (1.89
mmol ketone, 1.89 mmol amine, and 1.98 mmol TMSCN), where the
MOF has been previously introduced. The mixture (in solvent-free
conditions) was stirred (300 rpm) at 25 °C between 2.5 and 24 h,
depending on the amount of the catalyst, under a N, atmosphere. For
comparative purposes, the same standard reaction conditions were
used for all tested substrates, and therefore, the reaction parameters
were not further optimized for each one of them. The completion of
the reaction was monitored by 'H-NMR. When the reaction was
completed and samples were taken, the content of the Schlenk tube
was mixed with DCM in order to dissolve the Strecker a-aminonitrile
and recover the catalyst by centrifugation. XRD patterns were
obtained before and after each experiment to ensure crystallinity,
purity (Figure S8), and recyclability of the MOF (Figure S9).

B RESULTS AND DISCUSSION

The crystal structure was determined using single-crystal X-ray
diffraction. Details of data collection, refinement, and crystallo-
graphic data for BiPF-4 are summarized in Table S1.

BiPF-4 material, formula [Bi;,(p5-0)¢(p,-0),(;—OH),
(3,5-DSB)(H,0),]-7H,0, crystallizes in the triclinic system,
with a = 10.915(14) A, b = 11.108(12) A, c = 17.648(18) A, a
=90.59(3)°, f = 98.45(4)°, and y = 104.26(4)°. Although the
structure could be solved in the PI space group, a heavy
disorder coming from one of the 3,5-DSB linkers made evident
the existence of pseudo-symmetry. The Bi cation positions
correspond to the centrosymmetric P1 group, while one of the
sulfonate linkers breaks this symmetry. Subsequently, the
structure could be solved and refined in the P1 space group
with the expected pseudo-symmetry correlation problems.
Therefore, the acentric asymmetric unit consists of 14 Bi™
ions, five fully deprotonated 3,5-dsb linker cations, nine oxygen
atoms in a pj-oxide disposition, two oxygen atoms in a py-
oxide disposition, p;-five hydroxyl oxygen atoms, and three
coordinated water molecules (Figure 1).

Figure 1. Ball-and-stick view of the asymmetric unit of BiPF-4,
including five DBS organic linkers and two Bi7 oxo-hydroxo clusters.
Bi is green, C is gray, O is red, and S is yellow.

In order to describe the binding mode of the sulfonate and
carboxylate groups for all the five crystallography independent
linkers, the Harris notation® is used and shown in Scheme 2.

The position of the hydrogen atoms could not be
determined from the electron density maps, consequently,
the binding modes, the Bi—O distances, and the formula
electric neutrality were used to assign the oxygen atoms to
water molecules, hydroxyl groups, or O  anions. The
coordinated terminal three water molecules exhibit larger
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Scheme 2. Different Binding Modes of the 3,5-DSB Linker Observed in the BiPF-4 Material”
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“For a better understanding the Harris notation is presented for each carboxylate and sulfonate group.

Bi—O distances (2.888, 2.924, and 2.729 A) than the bridging
#3-O*~and p3-OH™ ions, which are within the 2.076—2.492 A
range. In the case of the two y,-O*” ions, Bi—O are in the
2.178—2.904 A range, which agrees with the distances reported
for other Bi—O systems showing large [Bi,O,] clusters in
coordination polymers.*’

Based on these considerations, we could determine different
Bi** coordination numbers for the 14 bismuth cations of the
asymmetric unit. One out of them is coordinated to nine
oxygen atoms CN = 9, nine are octacoordinated CN = 8, three
have a CN = 7, and the last one is bonded only to six oxygen
atoms CN = 6 (Figure 2). This arrangement gives rise to two
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Figure 2. Distribution of the Bi—O distances crystallographically
determined for the 14 Bi atoms in BiPF-4.

slightly different SBUs. Although the seven Bi atoms in each
Bi7 cluster are equally disposed in both SBUs, (the structure
would be centrosymmetric for the Bi cations), the different
binding modes of the 3,5-DSB linker avoid the symmetry in
the unit cell and force some Bi cations not to have the same
CN in both SBUs.

Six out of the Bi7 clusters are octahedral-disposed, in a way
similar to the well-known M(OH),0, oxo-hydroxo cluster
commonly found in zirconium or rare-earth*"** MOFs. In the
present case, one of the y3-OH™ groups behaves as a y,-O*~
unit, coordinating to the seventh bismuth atom (Figure 1).
This building unit has already been observed in other materials
combining bismuth and sulfonate-carboxylate linkers.” Joints
of these SBUs through sulfonate or carboxylate oxygen atoms
give rise to [Bi,O,;] layers, which are perpendicular to the
[100] direction in a sql topological disposition. These oxo-
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hydroxo-bismutate inorganic layers are connected through the
organic part to build a 3D framework (Figure 3).

Looking only at the Bi cation arrangement shown in Figure
4, the Bi7 clusters form mono-capped octahedra, which are
linked among them through sulfonate or carboxylate bridges.
This arrangement gives rise to Bi inorganic layers perpendic-
ular to the [100] direction. There are three Bi—Bi ranges of
distances that involved in the Big oxo-hydroxy octahedra
(3.73—3.80), those belonging to the Bi, tetrahedra of each
monocaped Bi, clusters (4.02—4.15), and finally, the longest
ones, due to the joint of adjacent Bi, SBUs through sulfonate
or carboxylate bridges (5.04 to 5.23). The connection of the
layers through the organic linker along the [100] direction
results in the formation of a 3D framework that displays a pcu
topology net; Figure 3 (down). A view of the linker
arrangement in the layer built by Bi7 clusters is shown in
Figure S.

Catalytic activity of BiPF-4 material in the one-pot Strecker
reaction with ketones.

In our previous studies, we have demonstrated that several
MOF catalysts containing indium as the metal center were able
to conduct in a green and efficient way acid-catalyzed carbon—
carbon bond formation in multicomponent reactions using
aldehydes as the carbonyl source.”””’ ™’ When ketones are
used as carbonyl reactants, typically lower conversion rates are
achieved, and stronger conditions such as higher temperatures
and extended reaction times are required, and only a few
heterogeneous catalysts have shown good conversions (Tables
S2 and S3). Among them, some indium-based MOFs have
shown remarkably high activity.39 In the case of bismuth, a few
MOFs have been reported exhibiting catalytic activity, and
their Lewis acid character has been tested mainly in reactions
such as the ring-opening of styrene oxide to 2-methoxy-2-
phenylethanol.*’

In view of the high Lewis acid character potential exhibited
by material BiPF-4, we evaluated its catalytic activity by using
the multicomponent Strecker organic transformation with the
use of ketones. BiPF-4 exhibits several structural features that
could boost its catalytic activity in this reaction: on the one
hand, the Bi** variable coordination number (from 6 to 9) in
the SBU and the removable coordinated water molecules favor
the accessibility of the reactants to the cluster acid sites. On the
other, the presence of OH™ groups, and of some non-
coordinated S—O oxygen atoms, seems to be decisive factors
to create a two-component catalytic system, based on the “dual
activation” phenomenon. These facts make BiPF-4 a
promising compound to behave as a dual catalyst.

Therefore, we started by testing the catalytic activity of the
BiPF-4 in the one-pot Strecker reaction, with a screening of
catalyst loadings, scaled up, and leaching in the use of
acetophenone, aniline, and TMSCN (1:1:1.1) (Table S4).

https://doi.org/10.1021/acs.inorgchem.2c00628
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sql 2D 4-connected
inorganic net

pcu 3D 6-connected net

Figure 3. Above: polyhedral representation of the [Bi;,O,,] layers perpendicular to the [100] and its corresponding topological sql representation
of the four-connected 2D inorganic layer, considering the actual no centrosymmetric Bil4 SBU. Down: polyhedral representation of the joint
through the organic part of the inorganic layers and the SBU selected to build the topological pcu representation of the six-connected 3D net.

Figure 4. From left to right: representation of the Bi7 clusters as
monocaped octahedron with the seventh Bi atom as the green sphere,
centrosymmetric Bi arrangement in the inorganic layer, and actual
acentric Bil4 SBU.

Figure 5. View of the linker arrangement in the layer built by Bi7
clusters left) perpendicular to the [100] and right) along [010]
directions.

Catalytic amounts of the MOF were placed in a Schlenk tube,
followed by the addition of three reactants. The reactions were
performed without a solvent at room temperature. Catalyst
purity was checked by PXRD (Figure S8). The results of the
reactions are summarized in Table 1. Under the selected
conditions, a high conversion was achieved (95% yield) to
almost exclusively produce the a-aminonitrile product (98%
selectivity) (Table 1, entryl). Good yield and selectivity values
were also obtained with para-methyl acetophenone (Table 1,
entry 2), and excellent conversion and selectivity were
observed for a linear aliphatic ketone (Table 1, entry S), and
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only in the case of cyclohexanone, the reaction failed to
proceed to the formation of amino nitrile, and exclusively, the
imine product was observed (Table 1, entry 4). Similarly, when
using 4-chloroaniline, or the aliphatic butylamine, excellent
yield and conversion values were obtained, and only in the case
of 4-methoxyaniline, the yield obtained was low. It should be
noted that because the material is not porous, the catalysis is
probably taking place on the surface.

The recyclability of the catalyst (BiPF-4) was studied, and
the catalyst was recovered after centrifugation and washed
several times with ethanol and acetone, then dried overnight at
100 °C before each new use. The catalyst was reused at least in
nine cycles, showing that even after the ninth run, the
selectivity remains unaltered, and the catalytic activity
diminishes (yield of 64% in the ninth run) probably due to
the loss of material during the recovery of each catalyst (Table
SS and Figure S9). The crystalline structure of materials BiPF-
4 did not suffer any alteration even after the 9th run of reuse,
as demonstrated by the PXRD pattern (Figure S10); complete
characterization of the Strecker reaction products and spectra
for characterized compounds are given in Sections S6 and S7.

Moreover, hot filtration and leaching experiments confirmed
that BiPF-4 is truly a heterogeneous catalyst. The reaction was
performed under standard conditions; after 5 min, the catalyst
was separated from the reaction media. After 4 h, no progress
is observed in the reaction with the liquid fraction, confirming
that the presence of the catalyst is necessary in order to
selectively complete the organic transformation.

When using BiPF-4 as the catalyst, the reaction evolves to
high yield formation of a-aminonitrile. Assuming that the one-
pot Strecker reaction takes place following a mechanism as
previously proposed,®”** the formation of the a-aminonitrile
requires the activation of both the carbonyl and silyl groups to
allow the imine formation, followed by the cleavage of the

https://doi.org/10.1021/acs.inorgchem.2c00628
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Table 1. Catalyst Performance in the A® Strecker Reaction Using Various Ketones, Amines, and TMSCN*

]

N
N SI\ R
L+ ReNH + NP N &NH R3+ Lo N
R -
TR ! Ri Ry KN RZ‘ R3
(a) (©)
entry ketone amine yield (%)° select. (%)° TON°®
a b ¢
1
N ©/ 95 99 95
o NH
2 ~ ©/ 63 99 80
| Z
(0]
I NH,
3 /©/\ ©/ 40 55 44 40
cl
o
NH,
4 é @ 95 99
0
)J\/\/\/ e
5 ©/ 88 98 88
o
PN NH
6 @ D/ 92 91 8 92
(o]
[e]
PN "
7 © O 15 11 8 3 15
~o
o
8 (j/k ZTTNH, 95 4 93 2 95

“Reaction conditions: ketone, amine, and trimethylsilylcianide (1:1:1.1), 1 mol % catalyst is based on BiPF-4 crystallographic formula [Bi,,(s5-
0)(p,-0),(u;_OH)4(3,5-DSB)(H,0),]-7H, 0, BiPE-4 (4 h), N, atmosphere, room temperature. *Yield and selectivity calculated by 'H-NMR.

“TON = (mmol substrate per mmol catalyst).

cyano group and its attack to the imine carbon atom. To the
best of our knowledge, this is the first Bi-MOF used as the
catalyst in the A® Strecker reaction, and only Bi salts have been
used as the catalyst in this type of reaction with aldehydes as
carbonyl reactants. BiPF-4 has demonstrated to be a more
efficient heterogeneous catalyst than Bi(NO) ,* salt because it
shows high activity even with the more demanding ketones,
using one tenth of the catalyst without any solvent and
recyclability proved in at less than 9 cycles.

B CONCLUSIONS

In summary, a new robust bismuth MOF has been hydro-
thermally synthesized under microwave heating in a short
reaction time. The new material bears two slightly different
SBUs, both composed of seven bismuth atoms with different
coordination environments. They are closely disposed, forming
extended layers through Bi—O bonds and three-dimensionally
packed through the organic linker 3,5-disulfobenzoic acid.
Thus, the material is chemically and thermally stable, and
exhibits very good activity and selectivity as a heterogeneous
catalyst in the multicomponent Strecker reaction carried out in
one pot. BiPF-4 is the first Bi-MOF used as the catalyst in this
reaction with ketones, highlighting the potential to access new
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Lewis acid catalyst with the use of a nontoxic and earth-
abundant element such as bismuth.

During the process of evaluation of this study, a 2022 study
by T. D. Nguyen et al. appeared on reporting the use of
microwave irradiation on the bismuth MOF synthesis.*°
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