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ABSTRACT: A three-dimensional heterobimetallic porous struc-
ture with the formula {[Y;Tb,Ls(OH);(H,0),s (DMF),;],
1.5H,0-DMF}, (L = 3-amino-4-hydroxybenzoate) (Y/Tb-MOF)
has been synthesized and characterized by single crystal and
powder X-ray diffraction, scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX), inductively coupled
plasma mass spectrometry (ICP-MS), electrophoretic mobility, and
Fourier transform infrared (FTIR) spectroscopy. The structure
presents two metal environments: a bioaugmented isosceles wedge
(mm2) MOg and a tricapped trigonal prism (—6m2) MN;Oq. - :

These configurations facilitate the creation of channels with a Bimetallic Y/Tb MOF
diameter of 10.7 A, enabling its utilization as an active catalyst

where the heterobimetallic nature of the assembly will be explored. This mixed-metal metal—organic framework has been tested in
the cycloaddition of epoxides with carbon dioxide as well as in the cyanosilylation and hydroboration reactions of carbonylic
substrates. Additionally, a monometallic Tb-MOF analogue has been synthesized for comparative evaluation of their catalytic
performances. Both the mixed metal and monometallic variants exhibit outstanding activity in the cyanosilylation and hydroboration
of carbonyls and in the synthesis of carbonates under CO, pressure. However, only the latter exhibits high recyclability.

Bl INTRODUCTION (“core—shell”) will allow the bimetallic system to show
synergistic effects, even enhanced properties compared to
their monometallic counterparts, exhibiting superior perform-
ance in many applications, including catalysis."”'> These
bimetallic systems can be synthesized by direct synthesis,
postsynthetic modification, and template synthesis, although it
should be convenient to use metals having the same
Coulumbic charge and ionic radius in order to increase the
chances of having simultaneous and homogeneous co-
incorporation of the two metals. In addition, the limitations
of current characterization techniques in terms of addressing
the distribution of various metals and the possibility of the
preferential location of these metals at the core or over the
external surface as a consequence of the preparation procedure
are still not solved.

Metal—organic frameworks (MOFs) are hybrid compounds
between organic and inorganic materials.' They are formed by
metal jon nodes linked by multidentate organic ligands
forming a three-dimensional assembly that includes porous
channels of large superficial area.””* The intrinsic porosity of
these MOFs together with their easy tunability and
functionalization have made them attractive for multiple
applications, especially in heterogeneous catalysis.”® Some
examples are the binuclear Ni(II)-based metal—organic
framework” or those based on polyoxometalate-based Ag—
organic compounds that employ 1,3,5-tri(4-carboxylphenyl)-
benzene (H;btb) and 3-(4H-1,2,4-triazol-4-yl)benzoic acid
(Htba) as ligands, respectively, that were applied in the
synthesis of benzimidazoles and pyrazoles.” In addition, MOF
compounds have garnered significant attention from the

scientific community as potential functional materials.”"’ Received:  April 1, 2024
When a second metal is incorporated into the nodes of the Revised: ~ May 18, 2024
framework, then bimetallic architectures are generated, which Accepted: May 23, 2024

could exist as “solid solution” or “core—shell” structures.'' The Published: June 3, 2024

partial substitution by this second metal ion in the inorganic
nodes (“solid solution”) or in a secondary building unit
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Figure 1. (a) Top view of the MgNO5, core of the Y/Tb-MOF SBUj carbons and hydrogens are removed for clarity. (b) (001) view of the Y/Tb-
MOF structure showing the pores across the (001) direction. Color code: Y/Tb atoms in green, oxygen in red, nitrogen in blue, and carbon in gray.
(c) Acs topological network with the (4°-6°) of Y/Tb-MOF. (d) Scheme of the acs (4°-6°) topological network where each M;N4O,, metal core is
connected to six others by two 3-amino-4-hydroxybenzoate ligands. Red trigonal prism and metal clusters were represented in red, and 3-amino-4-

hydroxybenzoate ligands were represented in blue.

Stable rare-earth (RE) metal—organic frameworks (RE-
MOFs) are considered promising materials for gas storage,
separation, and processing, where the presence of multiple
Lewis acidic/basic sites allows the catalytic transformation of
some of these gases such as CO,."" The cycloaddition reaction
of CO, to an epoxide under mild conditions is attractive
industrially, as the resulting carbonate product is a useful
chemical for industrial applications.'* A relatively large set of
terbium MOFs, and to a lesser extent those based on yttrium,
have been used in the cycloaddition reactions of CO, (Table
S12). Among them, the ones described by Chen et al. (NUC-
53)"° and Wei et al. (RE-BDC and RE-NDC)'® stand out with
conversmns from good to excellent with TOF values of 495
h™" for NUC-53 and in the range of 400—509 h™' for those
developed by Wei et al.'® In addition, these systems could be
recycled up to five times, proving to be suitable heterogeneous
catalysts for the cycloaddition of CO, with epoxides.

The formation of C—C bonds by the addition of
trimethylsilyl cyanide (TMSCN) to carbonyl compounds to
form cyanohydrin trimethylsilyl ethers is another reaction of
interest. The products of this reaction can be transformed into
a wide range of new products or synthetic intermediates such
as oa-hydroxy acids, a-hydroxyaldehydes, and f-aminoalco-
hols.'”~?° This reaction has been studied using MOF catalysts
based on Cu, Cr, Mn, Fe, Co, and Zr, among others, 2!
including RE-MOFs (Table S13).""~* Interestingly, most of
these works focus on aldehydes as the most reactive substrates,
with only few examples focused on the less reactive ketones. ™
These endeavors, however, yield new quaternary centers of
great interest from the point of view of asymmetric organic
synthesis.”"** A remarkable Y-MOF catalyst was developed by
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Echenique-Errandonea et al.,** which yields full conversion of
benzaldehyde to the desired product in 5 h with a 0.5 mol %
catalyst. Furthermore, it could be recycled seven times without
loss of catalytic activity, having a TOF value of 106 h™', which
is considerably higher than other catalysts reported (Tb—
TCA,"” Y/Eu-MOF,”® GR-MOF-12,*° and Y-DDQ)* an
similar to Sm/Eu/Gd/Tb/Eu—Gd/Eu—Tb—PSA (PSA = 2-
phenylsuccinate)'” and GR-MOF-6."*

Hydroboration reactions have also attracted the attention of
the scientific community using MOFs as Lewis acid catalysts."
The addition of boranes (HBR,) to carbonyl bonds leads to
the formation of B—O bonds, which, together with hydrolysis,
constitutes a two-step process equivalent to a reduction. * In
this way, derivatized alcohols could be obtained, allowmg the
synthesis of fine chemicals and natural products.”” The only
studies of RE-MOFs used in hydroboration reactions of
carbonyl compounds are those based on Y/Eu-MOF (ligand =
3-amino-4-hydroxybenzoic acid)** and GR-MOF-12 (ligand =
2,2'-bicinchoninic acid).”® Both systems afford the correspond-
ing alcohols with TOF values from 20 to 21 h™' and 3 and 7
cycles of recyclability, respectively (Table S14). The activity of
the heterobimetallic Y/Eu-MOF,* which shares the same
ligand as the Tb and Y/Tb-MOFs described herein, will also
be compared.

Within this context, a new three-dimensional heterobime-
tallic porous structure with the formula
{[Y3_5Tb1.5L6(OH)3(HZO)1.5(DMF)1_5],1-l.SHZO-DMF}n (L =
3-amino-4-hydroxybenzoate) (Y/Tb-MOF) and its monome-
tallic Tb-MOF analogue have been synthesized, characterized,
and employed as catalysts in the CO, cycloaddition of
epoxides and in the cyanosilylation and hydroboration of
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carbonylic substrates. These novel systems represent an
extension of our work on isostructural metal—organic frame-
works based on Y,** Eu,”' Y/Eu,* and Dy,"* with the target of
exploring how partial substitution by a second metal will
enable the bimetallic system to exhibit synergistic catalytic
effects.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Catalysts. The
solvothermal reaction between 3-amino-4-hydroxybenzoate
and a 1:2 molar mixture of Y(NO;);:6H,0 and Tb(NO;);-
SH,O vyields a heterobimetallic 3D porous framework that
crystallizes in the P6;/m hexagonal space group. Two metal
environments are presented in structures MOg and MN;Oy,
which according to continuous shape measurements*® have
been demonstrated to be best fitted with a bioaugmented
isosceles wedge (mmz2) and a tricapped trigonal prism (—6m2)
polyhedral, respectively (Tables SS and S6).

A MOg metallic center is formed by the coordination of two
chelating carboxylates, two bridging y,-phenoxy, a bridging y-
hydroxy, and a disordered DMF/water (50/50) solvent
molecule. The MN;O¢ metallic coordination environment is
constituted of three coordinated amino and three bridging y,-
phenoxy groups from the 3-amino-4-hydroxybenzoate ligand
and three bridging y;-hydroxy atoms. The secondary building
unit is formed by three M;OH triangles, which share a
common M—M edge, forming an M;(OH); core (Figure 1a).
Each secondary building unit (SBU) is connected to six other
SBUs by two rigid 3-amino-4-hydroxybenzoate ligands,
forming a robust acs topological network with the (4°-6°)
point symbol (Figure 1b). The porosity of the structure has
been characterized by PLATON-v1.18,"’ exhibiting three
different micropores of 480, 108, and 108 A’, which is in
accordance with 19% of the volume of the structure. The
channel diameter is 10.7 A (Figure S1), enabling solvent
crystallization molecules to be trapped, and concretely, the
electron count obtained from squeeze software in Platon
agrees with the presence of a DMF molecule and a water
molecule per unit cell in large pores, while 1.5 water molecules
were located in small pockets. The refinement of the Y/Tb
composition in one of the crystals shows the presence of Y and
Tb cations with a 3.55(Y)/1.46(Tb) proportion in each of the
two metal types (MOg and MN;Oy) of the asymmetric unit.
The fact of using two metals of the same charge and similar
radii for yttrium (coordination number 8:1.019 A; coordina-
tion number 9:1.075 A) and terbium (coordination number
8:1.040 A; coordination number 9:1.095 A)*° allows the
simultaneous and homogeneous co-incorporation of the two
metals, instead of having one metal in nodal positions
preferentially, while the other is present as defects in some
amorphous parts of the solid or in an independent solid phase
without sharing the crystalline MOF structure.

Interestingly, the metal ratio was constant with no apparent
dependence on the ratio of metallic precursors used in the
synthesis (1:2, 1:1, and 2:1 for Y/Tb, respectively), yielding, in
all of the cases, similar isolated yields of no more than 4 mg.
The scaled-up procedure, outlined in the Supporting
Information, resulted in higher isolated amounts of 75—85
mg. The purity of all of these compounds was confirmed by
powder X-ray diffraction (PXRD).

A comparison among the Dy—,44 Y-** Eu-*' Y/Eu-,*>* and Y/
Tb-MOF crystal structures shows cell volume contraction
values of 7.5 and 1.2% for Y- and Dy-MOFs, respectively, and

an increase of 3.7, 2.3, and 2.7% for Eu-, Y/Eu-, and Y/Tb-
MOFs, respectively. Unit cell a and b axes from Y-MOF
present a reduction of 1 A compared to the lanthanide or
mixed metal MOFs while presenting an average increase of 0.6
A in the ¢ axis. The shorter a and b axes and larger c axis are the
result of shorter Y—N (2.497(5) A) bonds compared with the
Eu—N (2.547(3) A) bonds, which induces a 6.41(1)° angle
change between Mg (M = Eu, Y) clusters (Table S4). The
monometallic Dy-MOF falls structurally between the Eu- and
Y-MOFs, with intermediate axis lengths of 15.4579 and
17.0864 A and Dy—N distances of 2.509(7) A, alongside an
average Dy—O distance of 2.405(5) A (Table S4).

The new MOF system was used for thermogravimetric
analysis (TGA and DTG) to investigate its thermal stability
between ambient temperature and ca. 1000 °C. The graphs
presented in Figure S12 highlight the similarity in patterns with
their isostructural counterparts of Dy,** Y,** and Eu.”' These
patterns reveal three main regions: (i) a weight loss centered at
72 °C, spanning from room temperature up to 177 °C,
associated with the gradual loss of solvent molecules (including
lattice water molecules and coordinated DMF molecules); (ii)
a sudden weight loss between 252 and 438 °C, likely attributed
to the collapse of the crystal structure, indicating that solvent
molecules play a stabilizing role and their removal promotes
crystal structure decomposition; and (iii) a final region with at
least three weight losses occurring at 521, 712, and 941 °C,
indicative of the decomposition of the organic linkers.

As mentioned previously, all of the isostructural lattices of
Y/Tb-MOF, whether monometallic based on Dy, Y, or Eu or
bimetallic based on Y/Eu, exhibit almost identical assemblies,
with only marginal deviations in the case of the yttrium MOF.
In this context, the gas adsorption study conducted on the Dy-
based MOF** was particularly relevant, assuming similar
behavior across all structures. It was demonstrated that at
the highest pressure of 8 bar, this MOF exhibits relatively low
affinity toward N, gas, with an adsorption uptake of 1.10
mmol/g, considerably lower than that observed for CO,, which
were 4.59 and 3.84 mmol/g at 273 and 298 K, respectively.
Interestingly, the adsorption occurred in two distinct steps at
nearly the same loading, irrespective of the adsorption
temperature. Such behavior could be attributed to the
reorganization of CO, at a critical loading to create space for
subsequent adsorbate molecules. These findings prompted us
to evaluate our MOFs in catalytic cycloaddition reactions
involving CO,, as described below.

Electrophoretic mobility measurements are a useful tool for
studying the properties of MOFs in solution. One particular
advantage of these types of measurements is their ability to
provide information about the surface charge. MOFs often
have a high surface area and a large number of charged groups
on their surface, which are responsible for their interactions
with other molecules or materials. The magnitude of the
electrostatic repulsion or attraction between particles is
measured by the {-potential. These measurements are often
used to determine the stability of colloidal dispersions, where
particles are suspended in a liquid medium. When the (-
potential of the particles in the dispersion is relatively large
(either positive or negative), they tend to repel each other and
remain dispersed, resulting in a stable colloidal suspension.
However, if the {-potential is small or zero, the particles tend
to aggregate and form larger entities, which can lead to
instability and the settlement of the suspension. In this study,
the measurements were always made at a fixed conductivity of
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330 4S/cm, which is equivalent to a concentration of about 2.4
mM NaCl (Figure $20). With both catalysts Y/Tb-MOF and
Tb-MOF, the highest negative value of the {-potential was
reached at pH 11 (—22.4 + 0.8 and —33.9 + 1.1 mV for Y/Tb-
MOF and Tb-MOF, respectively), suggesting that dissociation
of the carboxylate groups has occurred conferring an overall
negative charge (Figure 2 and Table S8). When the pH of the

20
14.5
| 11.0 11.9 2.9

10 4.8 56 I 4.4 4.8 38
s 1.3
RS EES NS RS
8 -0.5 - I
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g 10 9.4
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-20 1 = Y/Tb-MOF 19.7 )

-30 A
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-40

4 5 6 7 8 9 10 1"

pH
Figure 2. {-Potential values obtained as a function of pH for catalysts
Y/Tb-MOF and Tb-MOF. All of the measurements were performed
with a constant conductivity of 330 uS/cm.

solutions decreases, the {-potential values for both assemblies
start to increase, evidencing an isoelectric point at ca. 7 in the
case of heterobimetallic Y/Tb-MOF and about pH 9 in the
case of Tb-MOF. This differential behavior as a function of pH
might arise from the different solvation and coordination
properties of terbium compared to yttrium, as the presence of
the former is key in the increased stability at low pH. Figure 2
illustrates the pH versus {-potential graph in the range between
4 and 11 for both catalysts.

Particle size distribution in the suspended and deposited
fraction was determined for both catalysts using optical
microscopy (Figures S13 and S16). The catalysts were
suspended in distilled water (2.5 mg of each MOF in S mL
of distilled water), and after vigorous stirring, the samples were

left for sedimentation for S min, followed by the isolation of
the suspended fraction. Then, a sample was taken with a pipet,
deposited on a glass slide, and covered with a coverslip. Optical
images were recorded showing an average particle size
distribution for the deposited fraction of 17 + 7 um for Y/
Tb-MOF and 15 + 6 um for Tb-MOF after the statistical
treatment of the images using the Image] photographic analysis
program (Figure S18). Regarding the suspended fractions, the
average size for Y/Tb-MOF was determined to be 9 & 4 um,
whereas for Tb-MOF, the average size was 11 + 4 ym (Figure
S19).

Single-crystal X-ray diffraction allowed for the proposal of an
approximated formula of the heterobimetallic catalyst of
Cu6.5H4433N7 50,7 s Tby 46Y5 s, which was further confirmed
by ICP-MS and SEM-EDX. ICP-MS exhibited yttrium and
terbium contents of 149.08 + 0.75 and 125.83 + 0.43 g/kg,
respectively, which corresponded to a Y/Tb molar ratio of
3.55/1.677, which is in excellent agreement with the ratio of
3.5/1.5 found in the X-ray structure.

Field emission scanning electron microscopy (FESEM)
images, employing a backscattered electron detector, revealed
the irregular morphology of the synthesized Y/Tb-MOF
(Figure 3a,b).

The size distribution range is 40 + 14 nm, as depicted in the
histogram shown in Figure S11. These findings align with the
optical images captured for both the deposited and suspended
fractions of the MOF. Elemental mapping images confirmed
the specified composition, showcasing a uniform distribution
of Tb and Y elements across the various particles (Figure 3c,d).

The FTIR spectrum of compound Y/Tb-MOF showed
typical bands associated with the organic ligand (Figure S13).
A broad band is displayed in the 3191 cm™ region associated
with NH and OH bands. In addition, four main peaks in 1656,
1597, 1508, and 1428 cm™' regions are also visible and
assigned to the asymmetric stretching vibrations of the
carboxylate groups and the aromatic C—C and C—N bonds.
The group of signals in the lower range, 1392 and 1283 cm™},
can be linked to symmetric stretching vibrations of the

Figure 3. (a, b) FESEM backscattered electrons pictures and (c, d) elemental mapping images of the Y/Tb-MOF catalyst.
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Table 1. Scope of the Cyanosilylation Reaction Using Y/Tb-MOF and Tb-MOF“
Y/Tb-MOF or Tb-MOF

0, '
1 i . TMSCN (0.5 mol%) R><OTMS ,
R™ R RT, N, atm, 24h R” "CN
entry R R’ product conversion (%) Y/Tb-MOF conversion (%) Th-MOF

1 Ph Me 2a >99 >99"
2 p-MeO—CH, Me 2b 88 (61)° 88
3 p-Cl—-C¢H, Me 2c 86 84"
4 2-pyridine Me 2d 94 91”
5 Et Me 2e >99 80"
6 PhCH=CH Ph 2f >99 (74)° >99°

“Reaction carried out using ketones 1 (0.25 mmol) and TMSCN (34 uL, 0.275 mmol, 1.1 equiv) with 0.5 mol % of the corresponding catalyst
under an inert N, atmosphere at room temperature obtaining the desired cyanohydrin product 2 after 24 h of reaction. bConversion after 4 h of
reaction. “Only the 1,2-addition product (2f) after the analysis of the reaction crude by '"H NMR spectroscopy.

carboxylate groups. Interestingly, two strong bands at 787 and
658 cm™' assigned to out-of-plane C—H bending observed in
trisubstituted aromatic rings, together with some others below
660 cm™, ie., 658, 610, 576, 529, and 475 cm™', which are
assigned to the presence of M—O and M—N moieties. Figure
S9 shows the FTIR spectrum of Y/Tb-MOF, together with its
comparison with the free ligand.

Catalytic Activity. The catalytic activity of our new
heterobimetallic Y/Tb-MOF (0.5 mol %) and monometallic
Tb-MOF (0.5 mol %) was first evaluated in the cyanosilylation
of different ketones (1) using TMSCN as a nucleophile,
solvent-free reaction conditions, and room temperature under
a N, atmosphere. These conditions were used previously for
the reported monometallic Y- or Eu-MOF,'”?" bimetallic Y/
Eu-MOF,* and with catalyst GR-MOF-6."

First, the evaluation of the blank reaction using acetophe-
none (1la) was carried out, obtaining no product 2a after a
reaction time of 24 h, whereas in the presence of the catalysts,
quantitative conversions were achieved (entry 1, Table 1) after
24 h. To evaluate the scope of the reaction, ketones with
different chemical natures such as aromatic with electron-
donating groups (1b) and electron-withdrawing groups (1c),
heteroaromatic (1d), and also bearing aliphatic substituents
(1e) were tested (entries 2—S5). As can be observed in Table 1,
independent of the nature of the substituent, conversions in
the 86—99% range were obtained after 24 h of reaction using
Y/Tb-MOF as a catalyst. Similar conversions were obtained
for Tb-MOF (80—99%) after only 4 h of reaction.
Furthermore, the chemoselectivity of the reaction was tested
employing a,f-unsaturated ketone 1f (entry 6), obtaining full
conversion to the desired 1,2-addition product (2f) after 24 h
of reaction with both catalysts. No traces of the 1,4-addition
product were found after inspection of the corresponding 'H
NMR spectra of the reaction crudes (Figures $23 and S24). To
gain valuable insights into potential catalytic sites involved in
the reaction, the starting materials of Y/Tb-MOF were utilized
as homogeneous catalysts. Y(NO;);, Tb(NO;);, and the free
ligand were added separately in catalytic runs with the same
mol % as the MOF catalyst. Conversions of 91, 89, and 5%,
respectively, were achieved, indicating that both yttrium and
terbium metals catalyze the reaction, functioning as real active
sites in the heterogeneous process.

The kinetic profiles using acetophenone (1a) as the model
substrate and both catalysts are shown in Figure 4a.

In the case of the heterobimetallic Y/Tb-MOF catalyst, an
induction period of 152 min is required. The reaction is
significantly faster for the Tb-MOF catalyst with an induction
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Figure 4. (a) Kinetic profiles for both catalysts in the cyanosilylation
reaction of acetophenone (la) using a 0.5 mol % catalyst at room
temperature with no solvent. (b) Comparison with MOFs sharing the
same ligand (3-amino-4-hydroxybenzoic acid) but with a different
metal composition, all under the same catalytic conditions.

period of only 24 min, requiring only 240 min for completion,
whereas the Y/Tb-MOF catalyst has only a 19% conversion at
the same time point. This different initial behavior could be
due to several hypotheses: (i) varying leaching rates, (ii)
distinct rates of solvent exchange by reactants within the MOF
channels, or (iii) a combination of both factors. Interestingly,
when comparing the kinetic profiles of Tb and Y/Tb-MOF
with their isostructural monometallic MOFs based on
europium”’ and yttrium,”* as well as with the bimetallic
MOF composed of yttrium and europium™ (Figure 4b), it is
evident that the catalytic performance diminishes when mixed-
metal MOFs are involved. The bimetallic systems significantly
reduce the initial rate, as well as the time to complete full
conversion, once again highlighting an antagonistic effect when
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Table 2. Scope of the Hydroboration Reaction Using Y/Tb-MOF and Tb-MOF“
(1) YITb-MOF or Th-MOF (0.5 mol%)

RT, N, atm, 24h OH

(0}
' J_ + HBPin
R™ R (2) NaOH
entry R R’ product
1 Ph Me 3a
2 p-MeO—C4H, Me 3b
3 p-Cl-C4H, Me 3c
4 2-pyridine Me 3d
S Et Me 3e
6 PhCH=CH Ph 3f/3f

conversion (%) Y/Tb-MOF conversion (%) Tb-MOF

91 70
90 75
85 75
60 89
86 81
97 (76/21)° 93 (74/19)°

“Reaction carried out using ketones 1 (0.25 mmol) and HBpin (40 uL, 0.275 mmol, 1.1 equiv) with 0.5 mol % of the corresponding catalyst under
an inert N, atmosphere at room temperature obtaining the desired secondary alcohol product 3 after 24 h of reaction. “Ratio between 1,2- and 1,4-
addition products (3f/3f’) after the analysis of the reaction crudes by '"H NMR spectroscopy.

monometallic MOFs of terbium or europium are diluted with
yttrium.

The turnover frequency (TOF) was also calculated over the
course of the reaction as millimoles of product per millimoles
of catalyst per unit time (Figures S30 and S31), obtaining a
maximum TOF of 17 h™ (61% conversion) for catalyst Y/Tb-
MOF after 7 h of reaction and a maximum TOF of 83 h™' for
catalyst Tb-MOF after only 100 min of reaction (69%
conversion). This parameter was also calculated for all of the
substrates tested in Table 1 reaching similar values (Figures
$32 and S33).

Reports of the catalytic role of MOFs in the hydroboration
reaction are scarce, with a recent report describing the
heterobimetallic Y/Eu-MOF catalyst being the only example
published.”® In this reaction, pinacolborane (HBpin) was
chosen as a reagent, and the reaction was conducted without a
solvent and under a N, atmosphere at room temperature. The
blank reaction was assayed using acetophenone (1a), showing
no product after 24 h of reaction time. Then, the scope of the
reaction was studied with a variety of ketones, obtaining
conversions ranging from 60 to 91% with Y/Tb-MOF and
from 70 to 89% with Tb-MOF (Table 2).

For a,f-unsaturated ketone 1f (entry 6, Table 2), a mixture
of 1,2- and 1,4-addition products was observed in the '"H NMR
reaction crudes (Figures $24 and S25). In general, the Y/Tb-
MOF system provided better conversions than Tb-MOF with
the exception of heteroaromatic ketone 1d, where Tb-MOF
showed 89% conversion compared to the modest 60% afforded
by Y/Tb-MOF. The values of TON and TOF were also
calculated for the hydroboration catalysis when using both
catalysts (Figures S34 and S35), obtaining similar values (from
1.4 to 7.6 h™ with Y/Tb-MOF, and from 4.2 to 7.4 h™! with
Tb-MOF) to the previously reported heterobimetallic Y/Eu-
MOF catalyst.”® To finish with the study of catalytic activity,
we decided to test the formation of cyclic carbonates in the
cycloaddition of epoxides and CO,. This study started with
optimization of the reaction conditions (Table 3). The
reaction was tested using tetrabutylammonium bromide
(TBAB) as a cocatalyst, a temperature of 60 °C, a CO,
pressure of S bar, and a reaction time of 19 h without the use
of any solvent. These conditions selected were the same as
those reported previously by Zhao et al., except for the increase
of CO, pressure from 1 to 5 bar and the reaction time of 19 h
except for 12 h.>' The reaction in the absence of any catalyst
and cocatalyst was also run (entry 1, Table 3), showing the
lack of formation of products. Then, the reaction was
performed using only TBAB (2.5 mol %, entry 2, Table 3),

Table 3. Optimization of the Experimental Conditions for
the MOF-Catalyzed Reaction of Styrene Oxide (4a) and
Carbon Dioxide toward 4-Phenyl-1,3-dioxolan-2-one (5a)“

Y/Tb-MOF or Th-MOF (2 mol%)
o Co-catalyst (2.5 mol%)

Ph/<‘ + CO,

0
0//< 5a
Ph)\/ °

Solvent (0.5 mL)

4a Temperature (°C), 19h

entry catalyst cocatalyst solvent T (°C) conv. (%)
1 60 0
2 TBAB 60 11
3 Y/Tb-MOF 60 0
4 Y/Tb-MOF  TBAB 60 39 (s51)°
S Y/Tb-MOF TBAB DCM 60 2
6 Y/Tb-MOF TBAB PhMe 60 7
7 Y/Tb-MOF TBAB DMF 60 6
8 Y/Tb-MOF TBAB MeOH 60 2
9 Y/Tb-MOF TBAB ChCl/urea 60 34

(1:2)

10° Y/Tb-MOF TBAB 60 37
11 Y/Tb-MOF TBAB RT 4
12 Y/Tb-MOF TBAB 70 41
13 Y/Tb-MOF TBAB 100 60
14 100 0
15 TBAB 100 24
16 Tb-MOF TBAB 100 58
17 Tb-MOF Nal 100 11
18 Tb-MOF KBr 100 0
19 Tb-MOF ChCl 100
20  Tb-MOF C,H,,NBr 100
21 Tb-MOF TBAF 100 0
22 Tb-MOF TBAI 100 49

“Reaction carried out using epoxide 4a (57 L, 0.5 mmol), obtaining
roduct Sa after 19 h of reaction using a 2 mol % MOF catalyst.
Conversion obtained after 3 days of reaction. “Reaction carried out

using 6 bar of CO,.

obtaining 11% conversion to the desired product after 19 h of
reaction time. No reaction was observed in the presence of the
catalyst and the absence of the cocatalyst (entry 3), thus
pointing out the important role of the cocatalyst in this
reaction. When the catalyst and cocatalyst were present in the
reaction mixture (entry 4), the conversion to Sa increased up
to 39 and 51% after 3 days, respectively. The influence of the
solvent in the reaction was also studied by using dichloro-
methane, toluene, dimethylformamide, and methanol (entries
5—8), obtaining very low conversions in all of the cases. The
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Table 4. Scope of the MOF-Catalyzed Cycloaddition Reaction between Three Different Epoxides and Carbon Dioxide”

Y/Tb-MOF or Th-MOF (2 mol%) o)
TBAB (2.5 mol%)
Rﬂo +  CO, ° o//< o
i (5 bars) Solvent-free )\(
R 100 °C, 19h Rk
4 5
Entry Substrate Product Catalyst Conversion (%)
1 8\/\/ 5b Y/Tb-MOF 65
2 Tb-MOF 87
3 @o 5c Y/Tb-MOF 41
4 Tb-MOF 46
5 @ /< 5d Y/Tb-MOF 0
6 Tb-MOF 0

“Reaction carried out using epoxide 4 (0.5 mmol), obtaining product S after 19 h of reaction.

deep eutectic solvent formed by choline chloride and urea in a
1:2 ratio (entry 9) showed conversions similar to those
obtained in the absence of the solvent. Surprisingly, the CO,
pressure increase to 6 bar did not improve the conversions
(entry 10). Then, the influence of temperature was assessed
using RT, 70, and 100 °C, showing a maximum conversion of
60% at 100 °C (entry 13). The influence of TBAB without the
presence of MOF (entry 15) was also studied at 100 °C,
obtaining 24% conversion. Under these conditions of temper-
ature, the presence of Tb-MOF increased the yield up to 58%
(entry 16). The use of different cocatalysts was also explored
by using Nal (entry 17), KBr (entry 18), choline chloride
(ChCl, entry 19), hexadecyltrimethylammonium bromide
(C14H4,NBr), tetrabutylammonium fluoride (TBAF), and
tetrabutylammonium iodide (TBAL entries 20—22), obtaining
reduced conversions and highlighting the relevance of TBAB in
this reaction.

Finally, the scope of the reaction was evaluated with both
catalysts using three different epoxides (Table 4). The results
showed moderate conversions in the cycloaddition of aliphatic
2-butylepoxide (4b) and cyclohexane oxide (4c), and no
conversion when the limonene (4d) derivative was employed.

Recyclability and Leaching Studies. The recyclability
tests are key to establishing the practical use of the catalysts.
After completion of the cyanosilylation reaction with 1a as a
substrate (under optimal reaction conditions), the catalysts
were isolated from the reaction mixture via centrifugation and
washed with Et,O. Then, the catalysts were dried under
vacuum and used in new catalytic runs with a fresh set of
reagents for cyanosilylation. Unfortunately, the corresponding
product 2a was obtained in 24 and 52% yields for Y/Tb-MOF
and Tb-MOF, respectively (Figure S27), showing a loss of
catalytic activity possibly due to an irreversible transformation
of the MOF. The recyclability tests were also conducted under
the same procedure for the hydroboration and CO, cyclo-
addition catalytic reactions, revealing distinct behaviors. While
in the hydroboration reaction, the conversions decreased to
50% after the first cycle and further dropped to 34% after the
second cycle (Figure S), the conversions remained constant
with no erosion throughout the four tested cycles in the
cycloaddition process (Figure S). The reason for the varying
stability of the MOF catalyst in the three catalytic reactions
could be attributed to the differing abilities of the Lewis acid
metal centers to coordinate with the various substrates during
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Figure S. Study of the recyclability of the Y/Tb-MOF catalyst on the
cyanosilylation (squares), hydroboration (triangles), and CO, cyclo-
addition (circles) reactions.

the reaction. However, further studies should be conducted to
corroborate this statement. The PXRD diffractograms of the
MOF before and after the fourth cycle are depicted in Figures
S3 and S10. In the cycloaddition process, almost no variations
in the diffraction patterns were observed, indicating minor
transformations in the structural assembly during catalysis.
These results align with the previously conducted gas
adsorption experiments, where the anticipated interpenetration
of the gas and higher loading capacity were observed. On the
contrary, in the cyanosilylation and hydroboration reactions,
the PXRD analysis of freshly prepared and recycled Y/Tb-
MOF and Tb-MOF (Figures S2—S8) reveals a pattern change
before and after the reaction. This further corroborates that
under these conditions, the MOFs undergo alteration over
time.

One of the most meaningful conclusions drawn from our
studies is the recognition that the design of both monometallic
and bimetallic MOFs, with this specific ligand, results in poor
recyclability in the cyanosilylation and hydroboration reactions
but not in the CO, cycloaddition of epoxides. This observation
is not only relevant but also provides valuable insights into the
limitations and challenges associated with the studied MOF
systems.

To verify that the loss of catalytic activity in both
cyanosilylation and hydroboration reactions was due to an
irreversible transformation of the MOF and probable
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Scheme 1. Leaching Test Carried Out Using Y/Tb-MOF as a Catalyst for (a) Cyanosilylation and (b) Hydroboration of 1a, 1d,

and 1c
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dissolution of some metal content in the reaction medium,
leaching tests and ICP-MS analysis were conducted in the
performance of the bimetallic Y/Tb catalyst. After the first
reaction of the recyclability test, the supernatant obtained after
the centrifugation was filtered through a plug of Celite, dried
under vacuum, and used for ICP-MS analysis and catalysis. For
the latter, in this dried filtrate, a different carbonylic substrate
(1d or 1c) together with TMSCN (cyanosilylation) or HBpin
(hydroboration) was added, and the reactions were conducted
under the same optimal conditions (Scheme 1). After 24 h, an
aliquot was analyzed using 'H NMR, revealing 85 and 96%
conversion rates in these subsequent reactions. The analysis
indicated the presence of both products 2a/3a and 2d/3c in
the reaction crudes, confirming the leaching of metals into the
reaction media.

ICP-MS analysis revealed that in both catalyzed reactions,
the leaching of metals, whether yttrium or terbium, occurred at
equal concentrations, suggesting an equal leaching rate for
both metals. This indicates that the erosion in catalytic activity
observed across cycles is likely due to a transformation of the
structure (confirmed by PXRD) and a reduction in metal
loading in the solid state (confirmed with the catalytic
experiments conducted with the filtrates). Interestingly, the
ratio of leached metals remained nearly constant over the first
two cycles, with Y/Tb ratios of 1.05 (2.21/2.10 ﬂg/L) and
1.18 (4.08/3.46 ug/L) for the cyanosilylation reactions and
1.02 (2.75/2.69 ug/L) and 1.06 (2.47/2.33 ug/L) for the
hydroboration reaction.

We also conducted a stability study of the catalysts under
two conditions: (i) stirring in protic (water) and aprotic
(chloroform) solvents and (ii) catalytic conditions. When both
catalysts were stirred in water for 24 h at room temperature,
UV spectra revealed peaks corresponding to the 3-amino-4-
hydroxybenzoate ligand (see Figures $27—S29). Subsequent
stirring of the resulting MOFs in water did not release any
additional ligand into the solution, suggesting that some
adsorbed free ligand remained in the channels of the MOFs
after their synthesis, underscoring the importance of the
workup steps. Stirring in chloroform did not result in any
solubilization of the ligand, verifying the stability of the MOFs
when stirred in both protic and aprotic solvents. When the
MOF catalysts were allowed to react under solvent-free
conditions in the presence of the corresponding reagents
used in the three catalytic reactions studied (TMSCN,
acetophenone, HBpin, and styrene oxide at 100 °C), no
leaching of the benzoate ligand was detected. Interestingly,

only under CO, cycloaddition reaction conditions in the
presence of the epoxide at 100 °C was DMF observed in the
filtrate, thus being the sole delivered compound. These results
suggest that under catalytic conditions, the MOFs remain
stable, but it is during substrate catalytic transformation that
they become gradually inactivated.

Green Chemistry Metrics. In order to evaluate if the
overall transformations were eco-friendly and overcome health
and environmental problems derived from the chemical
industry,”>>* green chemistry metrics such as atomic economy
(AE), mass intensity (MI), reaction mass efficiency (RME),
and carbon efficiency (CE) were calculated as previously
described by Gomez et al."**” and by us.'”*"**** Table S9
shows the green chemistry metrics for the catalytic reactions
studied. The AE (100%), MI (1.1), RME (94.7%), and CE
(95.8%) values for Y/Tb-MOF and Tb-MOF catalysts in the
cyanosilylation reaction for acetophenone (1a) are comparable
to those described previously for related lanthanide-based
MOFs.'***>%% The values obtained for the hydroboration
reaction using acetophenone (1a) as the starting material with
Y/Tb-MOF were 49.2% for AE, 2.4 for MI, 42.6% for RME,
and 49.9% for CE, and with the Tb-MOF catalyst, the values
were 49.2% for AE, 3.2 for MI, 32.8% for RME, and 38.4% for
CE. Table S10 provides all metric values for all of the assayed
carbonyls. These values decreased considerably when
compared to the cyanosilylation reaction due to the large
loss of atoms of the final product as a consequence of the
hydrolysis of the borate intermediate, being similar to those
obtained previously.” In the cycloaddition reaction, the green
metrics are similar to those obtained in the cyanosilylation
reaction in terms of AE with 100% in substrates 4a—c, better
regarding MI with values of 4.1—8.3%, and significantly
reduced in terms of RME and CE with values in the range
of 12.8—27.3% and 20.3—43.0%, respectively (Table S11).

Materials and Methods. All experiments involving
moisture-sensitive compounds were performed under an
inert atmosphere of N, using standard techniques. Unless
otherwise indicated, reagents and substrates were purchased
from commercial sources and used as received. Metallic
precursors, such as terbium(III) nitrate pentahydrate (99.9%,
Alfa Aesar) and yttrium(III) nitrate hexahydrate (99.9% of
purity, Fluorochem), were used as received, as well as the 3-
amino-4-hydroxybenzoic acid ligand (H,L, C;H,NO;, 97% of
purity), which was purchased from Fluorochem. Solvents not
required to be dry were purchased as technical grade and used
as received. Conversion values relative to the limiting reagent
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were calculated from the 'H NMR spectra of the reaction
crudes. For further details regarding the general procedures
and analytical methods used, see the Supporting Information.

B CONCLUSIONS

In summary, we have synthesized and characterized a new
heterobimetallic MOF (Y/Tb-MOF) with a 3.5:1.5 yttrium/
terbium composition. This novel material underwent compre-
hensive characterization through PXRD, SCXRD, FTIR, SEM-
EDX, and ICP-MS analyses. The resulting bimetallic MOF
demonstrates isostructural properties similar to those of some
previously described monometallic MOFs based on Dy, Y, Eu,
and Tb and another bimetallic MOF of Y/Eu, with minor
alterations in structural assemblies, resulting in a cell volume
change of less than 3%.

The newly developed bimetallic Y/Tb system, along with
the monometallic isostructural congener of Tb, was applied in
the solvent-free cyanosilylation and hydroboration of ketones,
facilitating green transformations under ambient conditions
and with reduced catalyst loadings of 0.5 mol %, albeit with
poor recyclability. Conversely, the heterobimetallic MOF
exhibited promising performance in the cycloaddition of
epoxides and carbon dioxide, achieving conversions in the
range of 46—87% and demonstrating recyclability for up to
four cycles without erosion of catalytic performance.

Our ongoing work in ligand design aims to identify
synergistic metal combinations within the catalyst framework
and explore the asymmetric variants of these reactions.
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