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Metal—-organic frameworks (MOFs) show remarkable potential in a broad array of applications given their
physical and chemical versatility. Classical synthesis of MOFs is performed using solution chemistry at
elevated temperatures to achieve reversible metal-ligand bond formation. These harsh conditions may
not be suitable for chemical species sensitive to high temperature or prone to deleterious reactions with
solvents. For instance, Pd(i) is susceptible to reduction under solvothermal conditions and is not
a common metal node of MOFs. We report a generic and facile mechanochemical strategy that directly
incorporates a series of Pd(i)-based heterobimetallic clusters into MOFs as metal nodes without Pd(i)
being reduced to Pd(0).
solvent, high reaction yield, and high degree of synthetic control. Catalytic performances of lattice-
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confined heterobimetallic sites are examined for nitrene transfer reactions and we demonstrate that the
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Introduction

Metal-organic frameworks (MOFs)"* have garnered escalating
attention as a type of crystalline porous materials and demon-
strated their promising applications in gas storage,®*
separation,®” catalysis,®** and others."*® Their crystallinity is
usually achieved by reversible metal-ligand (M-L) bond
formation reactions carried out under solvo(hydro)thermal
conditions, which allows structures to be determined by X-ray
diffraction experiments. However, such harsh reaction condi-
tions may impose a synthetic challenge to build MOFs based on
chemical species that typically involve side reactions in the
solution at high temperature. For example, while Pd catalysts
realize a variety of meaningful reactions in organic
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first-row metal ion in Pd(i)-based heterobimetallic clusters.

transformations,**® palladium(u) can be easily reduced into
Pd(0) via B-hydride elimination, which aggregates to form Pd
black."”*® Given attractive and unique binding and catalytic
properties of Pd(u) sites, especially being solidified in accessible
pore space, Pd(u)-containing MOFs have become highly
appealing and desirable synthetic targets with very limited
examples since the beginning of the MOF era.'** Compared to
the abundance of MOFs based on other transition metals,
especially the first-row transition ones, the number of Pd(u)-
based MOFs is rather scarce partially due to this synthetic
barrier.”*?>** While postsynthetic metal metathesis has been
employed to obtain Pd(u)-containing MOFs (Fig. 1a),**2° it
requires a lengthy reaction time and still lacks control over the
metal composition and distribution in the resultant materials.
Meanwhile, two inspiring case studies that employ Pd(u)-based
paddlewheel heterobimetallic molecular  complexes,
PdM(OAc),, as precursors to build MOFs (M = Cu)” and
discrete metal-organic polyhedra (M = Cu, Zn, or Ni),*® have
been known to introduce Pd(u) sites into MOFs using solution
chemistry. It is worth noting that only ambient room tempera-
ture was pursued in both cases, which is hypothesized to avoid
possible reduction of Pd(u).*® Thus, a generic synthetic strategy
to incorporate Pd(u) into a broad family of MOF lattices is still
profoundly motivating.

In contrast to the mainstream conventional solvothermal
method, solid-state mechanochemistry is emerging into
a distinctive and facile alternative to access crystalline MOFs,
which exhibits sustainable synthetic advantages with regard to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The developed postsynthetic metal metathesis approach
lacks control over the metal composition and distribution in the
resultant MOFs. (b) This work introduces mechanochemistry as an
effective synthetic strategy to build a series of Pd(i)-derived MOFs with
precise metal composition and distribution.

the solvent volume reduction, short reaction time, and high
yield.***° Following the pioneering work done by James et al.,**
exciting progress has been continuously made in the field of
Uzarevi¢,* Emmerling,*>® Lewinski,””* Holman,*%* Li%%
and others,*”® For instance, pre-installed cluster precursors
often dictate the geometry of metal nodes in the resultant
MOFs.”7® Milling reactivity or outcome can be influenced by the
liquid additive or drying agent in the reaction mixture.”*”” The
reticular chemistry principle remains applicable to mechano-
chemical synthesis offering pore size control of MOFs.”®”® More
importantly, it presents a valuable opportunity to introduce
chemical species that are not compatible with solvothermal
conditions into MOF lattices, while the mild mechanochemical
conditions eliminate potential pathways of side reactions for
those sensitive motifs. Herein we report our systematic work
that leverages the facile mechanochemical synthesis to readily
build a family of versatile Pd(u)-based heterobimetallic porous
MOFs (Fig. 1b) based on heterobimetallic tetraacetate paddle-
wheel molecular complexes, PAM(OAc), (M = Cu, Zn, Mn, Co,
and Ni), without Pd(u) being reduced to Pd(0).

Results and discussion

We initiated these investigations by preparing a series of pad-
dlewheel heterobimetallic molecular complexes, PAM(OAc), (M
= Cu, Zn, Co, Mn, and Ni) by refluxing Pd(OAc), and M(OAc),-
-xH,0 in acetic acid (Fig. 2).*® These crystalline complexes were
harvested and examined by powder X-ray diffraction (PXRD,
Fig. S1-S57), solution UV-vis spectroscopy (Fig. S61), and
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Fig.2 A family of paddlewheel heterobimetallic molecular complexes
are readily available by refluxing Pd(OAc), and M(OAc),-xH,O (M = Cu,
Co, Mn, Zn, and Ni) in acetic acid. These molecular complexes serve as
critical precursors for the formation of Pd(i)-derived heterobimetallic
MOFs under mechanochemical reaction conditions.

infrared (IR, Fig. S7T) spectroscopy, and the results are consis-
tent with the reported data.*” Then we explored mechano-
chemical synthesis to access a porous crystalline material of
[(PdCu);z(btc),] by ball-milling PdCu(OAc), and 1,3,5-benzene-
tricarboxylic acid (Hsbtc) in a 3:4 stoichiometric molar ratio
(Fig. 2). Milling a mixture of PdCu(OAc), and Hsbtc in the
presence of ethanol (EtOH, 1 = 0.60 pL mg ") for 0.75 h affor-
ded a dark green colored crystalline solid that we assign as
[(PdCu)s(btc),]. PXRD analysis indicates that the obtained
material is isostructural to the classic [Cus(btc),] or HKUST-1
(Fig. 3a and S8t).***® For comparison, milling a 3 : 2 mixture
of Pd(OAc), and Hjbtc under similar reaction conditions did
not afford [Pd;(btc),] and only generated amorphous solids (Fig.
S9t). This is probably attributed to palladium(u) acetate dis-
playing a thermodynamically preferred acetate-bridged trimer
(Fig. 2),%#* instead of the paddlewheel dimer. Thus, the pre-
formed paddlewheel molecular geometry of PdCu(OAc),,
similar to Cu,(OAc),, appears to be critical for the successful
mechanochemical synthesis. Additionally, the presence of
EtOH as the assisting liquid during the mechanochemistry is
also crucial, which is highlighted since milling a 3 : 4 mixture of
PdCu(OAc), and Hsbtc under neat conditions (without any
liquid) did not produce any crystalline phase of [(PdCu);(btc),]
(Fig. S97). The effect of liquid additive on milling formation of
[Cus;(btc),] was discussed in great detail previously.”

X-ray absorption near-edge structure (XANES) data for the Pd
(Fig. 4a) and Cu (ESI, Fig. S107) K-edge suggest that the oxida-
tion states of Pd(un) and Cu(u) were observed in [(PdCu);(btc),]
without the presence of Pd(0), similar to that of Pd(OAc), and
Cu(OAc),-H,0. Furthermore, Pd and Cu K-edge extended X-ray
absorption fine structure (EXAFS) data (Fig. 4b, S11 and S127)
collected for [(PdCu);(btc),] indicate that the local coordination
geometry of PdCu(OOC), is unchanged under the mechano-
chemical conditions, similar to that of PACu(OAc),. Specifically,
the EXAFS data of [(PdCu);(btc),] collected at the Pd K-edge
(Fig. S11 and Table S1t) are consistent with the presence of
a square-planar Pd(u) environment composed of two Pd-O

Chem. Sci., 2024, 15, 10126-10134 | 10127
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Fig. 3 (a) The mechanochemically obtained [(PdM)s(btc),] displays
PXRD patterns (M = Cu, —; Zn, —; Mn, —; Co, —; Ni, —), which are
consistent with the ones collected from the mechanochemically
synthesized [Cus(btc),] (=) and the calculated [Cus(btc),] (—). The
PXRD data were collected or calculated using 2 = 0.45212 A. (b) N,
adsorption isotherms of the mechanochemically synthesized
[Cus(btc),] (adsorption (@), desorption (O)) and [(PdCu)s(btc),]
(adsorption (e), desorption (0)) were measured at 77 K.

distances at 1.90(1) A and the other two at 2.36(1) A along with
one Pd-Cu distance at 2.83(1) A, which is consistent with the
molecular structure of PdCu(OAc),.** Meanwhile, analysis of the
Cu K-edge EXAFS data (Fig. S12 and Table S27) of [(PdCu);(btc),]
reveals the presence of an elongated octahedral Cu(u) environ-
ment composed of two equatorial Cu-O distances at 1.91(1) A
and two at 2.07(1) A, and one axial Cu-O distance at 2.10(1) A,
which is also consistent with the molecular structure of
PdCu(OAc),.

The reaction progress of mechanochemistry is monitored
through IR spectroscopy by the disappearance of the carbonyl
stretch at 1720 em™ " and C-O stretch at 1273 em ™" from free
carboxylic acid groups (Fig. S13t).** Thermogravimetric analysis
(TGA) of [(PdCu);(btc),] indicated that this material is thermally
stable up to 265 °C, which is comparable to the thermal stability
of [Cus(btc),] (Fig. S14f). Based on these observations,
[(PdCu)s(btc),] was activated by exhaustive dichloromethane
exchange followed by heating at 100 °C under vacuum prior to
gas adsorption analysis. The permanent porosity of [(PdCu);(-
btc),] was evaluated by N, adsorption isotherm analysis at 77 K
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Fig.4 (a) Pd K-edge XANES spectra of Pd(0) foil (—), Pd(OAc), (—), and
PACu(OAC)4(OHy) (=), and [(PdCu)s(btc)4] (—). These spectra highlight
that a common Pd(i) oxidation state is observed in Pd(OAc),,
PdCu(OAc)4(OH5), and [(PdCu)s(btc)s], a significant departure from
Pd(0) and the mechanochemical process does not generate Pd(0). (b)
Pd K-edge EXAFS data (fitting range 1.0-10.0 A7) in the k-space for
PdCu(OAc)4(OH,) (experimental data (—) and fit (----)) and
[(PACu)s(btc),] (experimental data (—) and fit ().

(Fig. 3b). [(PdCu);(btc),] has a measured Brunauer-Emmett-
Teller (BET) surface area of 1517 m> g~' (P/P, = 0.02-0.15),
which is comparable to the measured BET surface area value
(1518 m> g~ ") of the mechanochemically prepared [Cus(btc),]. A
known solution method at room temperature between
PdCu(OAc), and Hjbtc affords [(PdCu)s(btc),] with a much
lower surface area value at 1175 m* g~ ".** The metal composi-
tion of [(PdCu);(btc),] was investigated by inductively coupled
plasma mass spectrometry (ICP-MS) of samples digested with
hydrochloric acid or nitric acid (ESI, Table S3f). ICP-MS
provided a Pd/Cu ratio of 1:1.06, which is consistent with the
metal ratio in the molecular complex. The solid-state UV-vis
diffuse reflectance spectrum of [(PdCu)z(btc),] bears a resem-
blance to that of PdCu(OAc),, but is much unlike that of
[Cus(btc),] (Fig. S15t). The electronic absorption features
sustain from the molecular complex to the extended hetero-
bimetallic lattice, which serves as additional evidence for the
unchanged heterobimetallic electron configuration through the
mechanochemistry.

The developed mechanochemical synthesis of [(PdCu)s(-
btc),] immediately provides access to other isostructural

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extended MOF materials, [(PdM);(btc),] (M = Zn, Mn, Co, and
Ni, see details in ESIt), which are built upon their respective
heterobimetallic molecular complexes. Their lattices, iso-
structural to [Cuy(btc),], were confirmed by PXRD (Fig. 3a). It is
worth noting that the obtained [(PdNi);(btc),] displays broader
PXRD peaks than other heterobimetallic MOFs regardless of
extensive attempts by varying milling time and the amount of
additive EtOH. This is tentatively ascribed to the relatively slow
ligand exchange kinetics of Ni(u),*® leading to poor reversibility
of M-L bond formation.*” Other characterization data,
including IR spectra (Fig. S167), N, adsorption isotherms at 77
K (Fig. S17 and Table S4}), XANES and EXAFS data (Fig. S18-
S27, Tables S5 and S6t), ICP-MS data (Table S37), and UV-vis
diffuse reflectance spectra (Fig. S281), were collected on those
mechanochemically generated heterobimetallic MOFs. More
importantly, based on XANES data collected for all the molec-
ular heterobimetallic complexes and their resultant MOFs, it is
revealed that Pd(u) is maintained through the mechanochem-
ical reactions as the only oxidation state observed across these
samples in the absence of Pd(0) and first-row transition metals
maintain the 2+ oxidation state after the mechanochemistry.
In addition to the advantages of ambient reaction tempera-
ture, minimum additive solvent, and short reaction time, the
near solid-state reactions enable us to control the metal
composition of multi-metallic MOFs by modulating the ratio of
metal precursors at will.** For instance, a family of multi-
metallic MOF materials, isostructural to [(PdCu)s(btc),] or
[Cus(btc),], were immediately obtained by milling two, three, or
four types of heterobimetallic molecular complexes together
with Hjbtc via the developed mechanochemistry. Their crys-
tallinity is confirmed by PXRD (Fig. 5) and the metal ratios
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Fig. 5 The developed mechanochemistry affords a family of crystalline
multimetallic MOFs ([(PdCu), 5(PdZn), s(btc)a] (=), [(PAZn), 5(PdMn)y 5(btc)4l
(=), [((PACu)(PdZn)(PdMn)(btc)4] (=), [(PdCu)o75(PdZNn)g 75(PdMN)g 75 (PACo)o 75-
(btc)4] (=), which are isostructural to [(PdCu)s(btc)4] (—). The PXRD data were
collected or calculated using 2 = 045212 A.
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analyzed by ICP-MS (Table S77) are consistent with the reaction
stoichiometries.

Previously, only PACo(OAc), has been experimentally investi-
gated as a potential catalyst for nitrene transfer chemistry using
iminoiodinane reagents as nitrene sources.*** Herein we have
systematically examined catalytic performances of hetero-
bimetallic molecular complexes, PAM(OAc), (M = Cu, Zn, Mn,
and Co), toward amination reaction of trans-4-hexenyl sulfamate
(1) generating products of allylic amination (2) and olefin azir-
idination (3) (Table 1). In particular, PdCo(OAc), proves to be the
most efficient among various heterobimetallic molecular
complexes with a total yield of 85% (entry 1, Table 1). Meanwhile,
the identity of transition metal in those bimetallic species has
a profound impact on the chemoselectivity between allylic ami-
nation and olefine aziridination (entries 1-4, Table 1), as the
molar ratio of 2: 3 follows the trend of Co > Cu>Mn = Zn.

Moreover, we have attempted to evaluate how the lattice-
confined heterobimetallic sites in the crystalline porous
[(PdM);(btc),] (M = Cu, Zn, Mn, and Co) affect the amination
results using compound 1. Despite 10 mol% MOF loading
(calculated based on the PAM(OOC), unit), we failed to observe
meaningful conversions using [(PdM);(btc),] (<5%). We attributed
this to the small pore size limiting the diffusion of involved
reagents including 1 and the large-size PhI(OAc), as an oxidant.
Therefore, we were motivated to prepare Pd(u)-based hetero-
bimetallic MOFs, which feature a larger accessible pore than that
of [(PdM);(btc),]. The mechanochemical synthesis readily enables
us to access another family of MOFs, [(PdM);(btb),] (M = Cu, Zn,
Mn, and Co), by replacing Hsbtc with 1,3,5-tris(4-carboxyphenyl)
benzene (H;btb), an extended tritopic linker. The resultant crys-
talline MOFs were confirmed by a suite of solid-state

Table 1 Summary of the results from chemoselective amination with
molecular catalysts and MOFs.* The results demonstrate that the
relative order of catalyst selectivity depends on the metal identity

Oy ®  PdM (cat) 0\ /,0 \\ a
HN"T0 ————
S o A)\)

1 CH,Cl, 50 °C
Entry Catalyst 2:3 Yield (%)
1 PdCo(OAc), 44:1 85
2 PdCu(OAc), 1.5:1 49
3 PdMn(OAc), 0.8:1 28
4 PdZn(OAc), 0.7:1 29
5 [(PdCo);(btb),] 2.5:1 51
6 [(PdCu);(btb),] 1.6:1 44
7 [(PdMn);(btb),] NA <5
8 [(PdZn);(btb),] 1.1:1 13

¢ A 4 mL vial was charged with trans-4-hexenyl sulfamate (1, 18.0 mg,
0.100 mmol, 1.00 equiv.), PhI(OAc), (45.0 mg, 0.140 mmol, 1.40
equiv.), CH,Cl, (600 pL), magnesium oxide (MgO, 12.0 mg), and
molecular sieves (M. S., 8.1 mg) with 4.0 mol% molecular
heterobimetallic complexes (2.0 mg) or 10 mol% [PdM]-based MOFs
(9.4 mg) for 48 h. The reaction mixtures were heated to 50 °C. Product
ratios are reported based on integration of gas chromatography (GC)
traces (suspension was filtered through a short column containing
alumina eluting with EtOAc to remove metal complexes before GC).

Chem. Sci., 2024, 15, 10126-10134 | 10129
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Fig. 6 The developed mechanochemistry affords a family of crystal-

line large-pore MOFs ([(PdCu)s(btb)s] (=), [(PdZn)s(btb)s (—),
[PdCo)(btc)sl (), [(PdMn)s(btb)s] (—)), which are isostructural to
([Cus(btb),] (calculated (—) and mechanochemically obtained (—)). The

PXRD data were collected or calculated using 2 = 15418 A. The
notable additional peak at 26 = 18.1° from [Cus(btb),] is tentatively
attributed to the unreacted Hsbtb ligand residue (see further discus-
sion in Fig. S351).

characterization techniques including PXRD (Fig. 6), IR (Fig.
S29t), TGA (Fig. S30t), and gas adsorption analysis (Fig. S31-
S34+).°° The collected PXRD patterns (Fig. 6) illustrate that these
MOFs are isostructural to [Cus(btb),], also known as MOF-14.7**
More importantly, by the employment of these pore-expanded
MOFs, we have successfully observed the catalytic conversion of 1
into 2 and 3 (Table 1) and the chemoselectivity of 2 and 3 follows
a similar trend observed in the molecular complexes. Given the
outlier catalytic performance of [PdCo(OOC),], we further tested
and proved [(PdCo);(btb),] to be an effective heterogeneous
catalyst for other substrates, including 3-phenylpropyl sulfamate
(Table S81) and 3-methylbutyl sulfamate (Table S9f) during
intramolecular nitrene transfer events. Thus, we highlight that
reticular chemistry, commonly encountered in solvothermal
reactions, remains effective in the (near) solid state mechano-
chemical synthesis”™” and allows us to access structures with
tunable pore space. These large-pore heterobimetallic MOFs
exhibit catalytic performances for nitrene transfer reactions, while
the current challenge still remains associated with the recycla-
bility of those MOFs. The chemoselectivity for allylic amination
versus olefin aziridination has been employed as a chemical probe
to illustrate that the identity of the first-row metal ion in the Pd(u)-
based heterobimetallic cluster affects the reaction outcomes.

Conclusions

In summary, we report a compelling and generalizable mech-
anochemical synthetic strategy to build versatile Pd(u)-based

10130 | Chem. Sci., 2024, 15, 10126-10134
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heterobimetallic MOFs, which features ambient and sustain-
able reaction conditions and effectively avoids the Pd(u)
reduction. This generic and facile strategy provides access to
a unique family of Pd(u)-based MOFs. The solid-state mecha-
nochemistry leads to a number of remarkable synthetic
advantages that include short reaction time, minimum solvent
requirement, high reaction yield, and good control over metal
compositions. We also further examined the applications of
lattice-confined heterobimetallic sites in large-pore frameworks
and proved [(PdCo)s(btb),] to be a potential heterogeneous
catalyst for nitrene transfer chemistry. We expect the developed
mechanochemistry to not only trigger further efforts on inves-
tigating the unique delivery of mechanochemistry, but also
more explorations on new exciting chemistry of Pd(u)-based
MOFs not typically accessible by conventional means.
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