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Hafnium and zirconium forms of the benzene-1,3,5-
tricarboxylate metal organic framework MOF-808 were prepared
from aqueous solution and modified post-synthetically with
3-{(4-methoxy-phenyl)thio}propane-1-sulfonate (MPTPS) and
3-(di-tert-butylphosphino)propane-1-sulfonate (DTBPPS). Their
ligands were stoichiometrically loaded with Pd**. Pd@DTBPPS-
MOF-808 is found to be a good catalyst for the Suzuki-Miyaura
coupling of functionalised aryl boronic acid derivatives with aryl
bromides and unactivated aryl chlorides and the MOF-808(Hf)-
based catalysts show significant promise for some highly
demanding cross-coupling combinations featuring electron
deficient nucleophiles that suffer from poor transmetalation and
significant protodeborylation. Remarkably, these led to strongly

improved conversions over those based on MOF-808(Zr).

Palladium is widely used in heterogeneous cross-coupling
catalysis, either as immobilised analogues of homogeneous
catalytic complexes with popular ligands on high surface area
solids or as supported nanoparticles." ™ Furthermore, there
are a wide range of homogeneous Pd catalysts for Suzuki-
Miyaura reactions to choose from for immobilisation'®>° and
some Pd-catalysed Suzuki-Miyaura cross-couplings are now
routine. These include the use of most commercially-available
aryl bromides, iodides or triflates when coupled with
moderately functionalised arylboronic acids. For example,
Suzuki reactions can be carried out over ca. 0.0025 mol% of
Pd(OAc), giving turnover frequencies that exceed 30 000 mol/
mol catalyst/h, with the Pd readily removed after reaction.®
While many supported Pd catalysts give TOFs far below this
value, some give competitive activity: a Pd coordination
complex supported on a lanthanum 2-aminoterephthalate
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Synergistic cross-coupling catalysis: a
trialkylphosphine/Pd catalyst tethered to MOF-
808(Hf) is very effective for Suzuki-Miyaura
coupling of problematic nucleophilest
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metal organic framework (MOF) gives activity in the same
range, for example."*

There is also a group of Suzuki-Miyaura reactions that are
less routine but will work if specific catalysts and conditions
are used. Examples include lightly-functionalised and non-
activated aryl chlorides reacting with aryl boronic acids that
are not prone to decomposition. The highly active MOF/Pd
complex described in ref. 14 gives only very low yields for
such substrates (e.g. chlorotoluene and phenylboronic acid),
as does Pd(OAc),. In fact, reasonable scope for this type of
substrate tends to require specific classes of homogeneous
catalyst, with poor scope displayed by Pd nanoparticles.”
Strongly electron-donating ligands with steric and
coordinative properties that maximise the amount of mono-
ligated Pd species are effective for Pd-catalysed Suzuki-
Miyaura couplings of Ar-Cl, for example.'®>"*’

Furthermore, the extensive study of the Suzuki-Miyaura
reaction has revealed another group of reactions which
generally fail, or for which good yields are only possible using
very specific conditions that are far from ideal from an
economic standpoint.>*° Here, we report a supported
catalyst that, in addition to performing well for a substrate
typically used for screening, shows promise for a class of very
challenging Suzuki-Miyaura couplings that uses aryl boron
nucleophiles that are known to undergo the transmetalation
part of the cycle with difficulty and/or suffer from
decomposition.

The implementation of immobilised organometallic
catalysts faces various challenges.”® The literature on
supported cross-coupling catalysts is focussed on cross-

couplings that are quite easy to accomplish with
homogeneous catalysts, and so, generally, compares
unfavourably with the best homogeneous examples.

Nanoparticles are good catalysts for the easier Suzuki-
Miyaura couplings, and readily form at the end of the
reactions, making difficult recycling without leaching or
gradual loss of performance. However, there is no inherent

This journal is © The Royal Society of Chemistry 2025
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reason why heterogenised catalysts cannot offer enhanced
reactivity, even relative to a state-of-the-art homogeneous
catalyst, if the support can act synergistically. Such catalysts
might circumvent limitations in the substrate scope of
important reactions. design of heterogenised
molecular catalysts we consider the support material should
be robust and sufficiently porous to limit mass transport
limitations; tethering different catalyst ligands to the surface
should be straightforward; and the support should have
functionality that acts synergistically with the tethered
coordination complex. Finally, the ligand that is tethered to
the support should be either commercially available or easy
to make.

MOFs offer great potential as such supports. Among the
enormous number of reported structures of this chemically
diverse class of materials, many zirconium (and similar
hafnium) carboxylate MOFs are chemically and thermally
stable and highly porous.®* Furthermore, some show the ability
to coordinate anionic ligands at their metal-oxy cluster-based

In our

31,32
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nodes when these have coordination to carboxylate much lower
than the maximum. Among such materials, the benzene-1,3,5-
tricarboxylate MOF-808 (ref. 34-36) is one of the most
promising for a range of applications. MOF-808 was first
prepared solvothermally as the Zr-form, idealised chemical
formula ZrqO4(OH)4(BTC),(HCOO)s (BTC = benzene-1,3,5-
tricarboxylate).** MOF-808 is highly porous, chemically stable
and has been prepared in Hf as well as Zr form.*®> A
hydrothermal route has also been developed for its synthesis.*®
Its metal cation-centred ZrsO,(OH), clusters, which are the
nodes of the MOF, are coordinated by only six carboxylate
groups of BTC linkers compared to the maximum possible
twelve, leaving six equatorial binding sites where additional
terminal ligands complete the metal cations' coordination: this
is achieved in the form synthesised in the presence of formic
acid as a modulator by a mixture of formate and hydroxyl ions
and water molecules. The defective nature of the clusters,
which possess terminal OH and H,O ligands when not fully
coordinated by terminal ligands, imparts strong catalytic
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Fig. 1 a) XRD patterns of as-synthesised MOF-808(Hf), MPTPS-MOF-808(Hf) and MPTPS-MOF-808(Hf)-Pd, b) SEM of MPTPS-MOF-808(Hf)-Pd, c)
EDX spectrum of MPTPS-MOF-808(Hf)-Pd, d) N, adsorption isotherms at 77 K of MOF-808(Hf) and MPTPS-MOF-808(Hf)-Pd and e) STEM of

MPTPS-MOF-808(Hf)-Pd with associated elemental mapping.
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activity for acid catalysed reactions.**” It has been found that
formate groups on these sites can be substituted by a range of
other anions, including those that can be used to support
catalysts.*®

Previously, we have shown that commercially-available
sulfonated triarylphosphine ligands can replace formate
groups bound to the MOF-808(Hf) clusters, generating a Lewis
acidic phosphine@MOF to which rhodium or iridium
complexes could be coordinated.’® These were found to be
efficient and recyclable bifunctional catalysts for the reductive
amination of ketones and the hydroaminomethylation of
alkenes. The hafnium form of MOF-808 was used rather than
the more commonly described zirconium form because of its
improved performance in reactions typically promoted by
Lewis acid catalysts. Here we extend this catalyst design
approach to Hf and Zr MOF-808 decorated with sulfonated
thioether and trialkylphosphine ligands and subsequently
complexed with Pd(u).

A thioether ligand was chosen since they have been used in
Pd catalysis*>*! and are easy to make in one step from readily
available precursors. The sulfonated trialkylphosphine, di-tert-
butyl-(3-sulfonatepropyl)phosphine®*** was chosen since this
ligand is commercially available, and bulky electron-donating
alkyl phosphines are of particularly importance in Pd catalysis.
This ligand, whilst bulky at the Pd centre, is smaller than, for
example, biaryl-dicyclohexylphosphines. Among the different
bifunctional MOFs prepared, some were found to be capable of
excellent performance in very challenging C-C bond forming
reactions.

MOF-808 was prepared in both Zr and Hf form by
adapting the hydrothermal method of synthesis used by Liu
et al.*® because hydrothermal synthesis routes are strongly
favoured over those that use harmful solvents such as
dimethylformamide. Details on the MOF-808 materials are
given in the ESLf Fig. S1-S3. The samples were composed of
monodisperse nanocrystals with octahedral morphology, ca.
100 nm in dimension and single phase by X-ray powder
diffraction (see Fig. 1 for Hf-example), with pore volumes
(estimated from N, adsorption as described in the ESIf) of:
MOF-808(Hf), 0.49 em® g™' and MOF-808(Zr), 0.78 cm® g
These are reasonably close to values derived from literature
data (MOF-808(Hf) 0.54 cm® g™'; MOF-808(Zr), 0.80 cm® g*
(ref. 34 and 39)). The difference in the specific pore volumes
between Hf and Zr materials reflects the higher atomic
weight of Hf than Zr. "H NMR of samples digested in KzPO,/
H,0 according to a literature method®® shows a formate-
proton : BTC-proton ratio of 4: 6, which indicated an idealised
chemical formula, based on a single Zrs- or Hfs-cluster, of
MO,4(OH)6(H,0),(0,CH),BTCg/3, M = Zr, Hf. Weight loss
measurements during thermogravimetric analysis support
this (EST}).

MOF-808 was modified post-synthetically by anion
exchange with the sulfonates, 3-{(4-methoxy-phenyl)thio}
propane-1-sulfonate (MPTPS) (using the sodium salt) and
3-(di-tert-butylphosphino)propane-1-sulfonate acid (DTBPPS)
(using the acid). An average of one ligand in four Hfy clusters
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was added. The bulkier DTBPPS required an excess of reagent
in order to achieve sufficient levels of incorporation. Full
details are given in the ESL} including "H NMR spectra of
the digested MOFs used to quantify the ligand incorporation
(Fig. S4, S5 and S117). An example of the cluster formula of
the post-synthetically modified MPTPS-MOF-808 (idealised
for OH and H,O to account for charge balance) is
Hfs0,(OH)s(0,CH); 75(H,0),(BTC)g/3(MPTPS) 55.

The ligand-functionalised MOF-808 materials were loaded
with Pd(u) using Pd(OAc), in dichloromethane. A 1:1 Pd:
ligand ratio was targeted (Scheme 1). The MOF-808 became
orange during loading and "H NMR of the solvent after
filtering the MOF detected no Pd(OAc), ("H NMR detection
limit ~1 mg of Pd(OAc), from a typical reaction utilising 100
mg of Pd(OAc),).

Details on post-synthetically modified MOF-808(Hf) and
MOF-808(Zr) are available in the ESI; Fig. S4-S17 and Tables
S1 and S2, with selected data shown in Fig. 1 for MOF-
808(Hf). Scanning Transmission Electron Microscopy (STEM)
combined with elemental EDX mapping was performed on
both the MPTPS-MOF-808(Hf)-Pd and DTBPPS-MOF-808(Hf)-
Pd catalysts. STEM-EDS results on the Pd-phosphine-MOF-
808(Hf) are shown in Fig. 1 and for other samples in the ESIT
(Fig. S8 and S12). In each case, these show that both the
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Scheme 1 Schematic representation of post-synthetic modification of
MOF-808(Hf) to give catalysts. Stoichiometric metalation was
performed and zirconium analogues were prepared similarly.

This journal is © The Royal Society of Chemistry 2025
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tethered ligand (via S and P) and the coordinated Pd are
distributed evenly throughout the small crystals. If these were
strongly concentrated on the surface, rims of higher
concentrations would be apparent. The conditions used for
coordination are unlikely to reduce Pd(u) to Pd metal, but the
STEM images rule out the presence of supported
nanoparticles in these as-prepared materials. In the ESL} we
describe how we have decomposed the thioether-MPTPS-
MOF-808(Hf)-Pd to reduce the Pd in a test alkene
isomerisation reaction (section 3.1, Tables S3 and S4, Fig.
S17t1). STEM images of partially decomposed MPTPS-MOF-
808(Hf)-Pd show the Pd nanoparticles that form in that case,
even though the MOF-808 remains crystalline and
microporous.

The ligand-modified and Pd-loaded MOF-808 materials
were also examined by X-ray photoelectron spectroscopy
(XPS). XPS is expected to give compositional information
from within a few nm of the surface of the 100 nm
nanoparticles. Full details and discussion of the method and
results of XPS on the MPTPS-MOF-808-Pd and DTBPPS-MOF-
808-Pd materials are given in the ESI{ (Fig. S14-S17 and

View Article Online
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Tables S1 and S2). The presence of the expected elements is
confirmed for all four MOFs and although semi-quantitative,
the Pd:Zr and Pd:Hf ratios are similar to those expected
from the syntheses (1:24), and indicate there is little if any
surface enrichment of the Pd. It is possible to pick out both
thioether (163.6 eV) and sulfonate (168.4 eV) environments of
S atoms, and Pd(u) in the spectrum of MPTPS-MOF-808(Hf)-
Pd, while analysis of DTBPPS-MOF-808(Hf)-Pd shows the
expected P(ur) ligand (132.3 eV) bound to a Pd(n) metal centre
(337.3-337.6 €V).**

Before examining challenging Suzuki-couplings, the
reactivity of the catalysts was assessed. After a brief solvent
and base screen (see ESL Table S5), IPA/water as solvent and
sodium or potassium bicarbonate were chosen as standard
conditions. Initial experiments were carried out with the
cheaper Zr-based catalysts since we did not anticipate an
advantage for using the Hf-MOFs. The Zr-based catalysts with
both thioether and phosphine ligand were subjected to a
high-throughput screening methodology with a selection of
substrate  combinations considered relevant and/or
challenging for the synthesis of pharmaceuticals. Whilst

Table 1 Screening of boronic acids or ester derivatives and aryl bromides using DTBPPS-MOF-808(Zr)-Pd as catalyst
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Aryl bromide (1 eq.), boronic acid/equivalent (1.2 eq.), DTBPPS-MOF-808(Zr)-Pd (1 mol% Pd), Na,CO; (1.5 eq.) in 2-PrOH/H,0 (70:30, 1 mL) at
66 °C for 18 h. LCMS was used to estimate the conversions, such that Conv. = (product area%)/[product area% + starting aryl bromide area% +

area% of by-products associated with aryl bromide].
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there were one or two reactions where the thioether MPTPS-
MOF-808(Zr)-Pd catalyst gave slightly better conversions than
the phosphine-bearing catalyst, in many examples the
phosphine is either slightly preferable or significantly
preferred. The summary of the screen for the DTBPPS-MOF-
808(Zr)-Pd catalyst is shown in Table 1, with that for MPTPS-
MOF-808(Zr)-Pd results archived in the ESI;f Table Sé.

Most studies using supported catalysts use the cheapest
lightly functionalised aryl halide and aryl boronic acids, with
a notable exception being ref. 9. Some of the reactions
feature problematic nucleophiles. The successful coupling of
1H-benzimidazol-4-ylboronic acid 2 with 5-bromo-pyrimidine
D and N-methyl-4-bromobenzamide E wusing just 1.2
equivalents of boronic acid is interesting since it is known
that heterocycles with free NH groups, especially those that
are relative acidic, can lead to the formation of dimeric
heterocycle-bridged catalyst resting states.”® Indeed, one
previous report on the use of MOF-Pd nanoparticles describes
benzimidazoles as catalyst poisons.’ It is then reasonable to
hypothesise that the formation of these dimeric Pd
complexes with bridging heterocycles would not occur to a
great extent on a coordination complex that is located within
the pores of a MOF, and therefore MOFs could hold some
advantage for such substrates. Good conversion for a range
of more densely functionalised cross-coupling partners even
without optimisation shows significant utility for this
catalyst. One example of a reaction from the screen that
contains functionality in both coupling partners is shown in
Scheme 2. After the screen, this was carried out at both 1
mmol and 20 mmol scale. Repeating the 20 mmol scale
reaction but recycling the filtered off MOF was attempted for
one recycle (and no further) and gave almost identical
results. This shows that the catalyst and conditions should
be reasonably applicable to more functionalised substrates,
and that the yields from the screening should transpose to
laboratory scale synthesis.

A model reaction of Pd-catalysed cross-coupling between
3,5-bis-(trifluoromethyl)bromo-benzene and phenylboronic
acid recycles 5 times with the trialkylphosphine/Hf-based Pd

F
CN % DTBPPS-MOF-808(Zr)-Pd O
CN

Br F o_ 0 1.0 mol % Pd
" 2-PrOH/H,0, Na,CO5
70°C,18 h O
F
AC\N AC\N
H o
H 3 3-F
(1.2 equiv.) (i) 1 mmol scale: 88%

(i) 20 mmol scale: 88%

(iii) 20 mmol scale

using recycled MOF from (ii): 85%
Scheme 2 Suzuki-Miyaura coupling of two functionalised substrates
(note reaction (i) was conducted at an oil bath temperature of 66 °C,
reactions (ii) and (iii) at 70 °C). Identifying letters and numbers refer to
those of Table 1. For reaction (i) the isolated yield of purified product is
given, for reactions (ii) and (iii) the conversion to product measured by
LCMS is given.
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catalysts, with the result archived in the ESIL} section 3.2,
Table S8. These experiments establish that the catalyst must
be reasonably long-lived and hence should not be difficult to
use. The thioether/Hf catalyst was less effective. These
experiments were not designed to assess long term
recyclability, which, if it can be done at all, would need a
good engineering solution, rather than filtering off what are
likely to be very sensitive activated catalysts. The ability to
extend the use of a catalyst will be dependent on the
substrate, conditions and the type of engineering approach
used (e.g. continuous flow). Our current project searched for
genuinely unusual reactivity that is of value regardless of how
readily it could be recycled.

Evidence that the reaction takes place on a molecular
complex bound to the MOF, rather than nanoparticles, was
obtained by comparing the reactivity of three catalysts with
an aryl chloride substrate (Table 2). As has been noted in a
recent review,” nanoparticle-based catalysts generally give
very low yields for any aryl chloride that does not have a
strong activating group like an acetyl, nitro, formyl or
trifluoromethyl. Coupling of phenylboronic acid and
chlorobenzene is sometimes reported, but since both
homocouple to give biphenyl, the cross-coupling yield cannot
be determined unambiguously. There is only one example® of
a deactivated aryl chloride coupling in high yield from all of
the examples of nanoparticle-catalysed cross-couplings in
ref. 4-12. These couplings also fail with homogeneous
catalysts that are derived from modest donor ligands like
thioethers or triarylphosphines. Pd catalysts derived from
trialkylphosphine ligands are expected to catalyse such
reactions, however.

The key comparisons are that the thioether-based MOF/Pd
catalyst shows no conversion in the methylphenylboronic
acid/chlorobenzene reaction (Table 2, entry 1) and neither
does a sample of the same MOF that contains a significant
amount of Pd nanoparticles (Table 2, entry 2). Details of
this aging process and the STEM image showing the
nanoparticles of this MOF are in the ESILj It should also be
noted that Pd nanoparticles supported on MOF-808(Zr) have
recently been reported as catalysts by others for Suzuki-
Miyaura couplings of aryl iodides and bromides. Aryl
chlorides gave traces of the biaryl product (excepting PhCl +
PhB(OH),, which gave 21% yield, expected primarily to be
from reactant homocoupling).'?

By contrast with the nanoparticle-containing MOF or the
thioether/MOF/Pd system, DTBPPS-MOF-808(Zr)-Pd catalyst gives
significant conversion (Table 2, entry 3). Surprisingly, DTBPPS-
MOF-808(Hf)-Pd was even more effective (Table 2, compare
entries 3 and 4, also 6 and 7). The conclusion that can be drawn
from this is that DTBPPS-MOF-808(Hf)-Pd is a coordination
complex during these catalytic reactions. We are aware of
another MOF-supported coordination complex being reported
to operate on one example of an unactivated aryl chloride
cross-coupling, but Suzuki-Miyaura coupling of unactivated
aryl chlorides, even using relatively reactive aryl boronic
acids, is rarely achieved with heterogeneous catalysts.'™"?

This journal is © The Royal Society of Chemistry 2025
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Table 2 Suzuki-Miyaura coupling reactions between selected aryl chlorides and boronic acids using Pd-MOF-808 catalyst

B(OH), cl L-MOF-808(Zr/Hf)-Pd "
. (1 mol% Pd in MOF) i
(1.5 equiv) 1.5 equiv. K,COg3, R
(G) 16 h.
6,7, 0r8 GR
il F cl 6-G, 7-H or 8-G
OMe
(H)
R in ArB(OH), arcl Temp. % yield®
Entry” [compound no.] GorH Product Solvent (°C) MOF catalyst product
1 R = Me, [6] G /©/Ph IPA/H,O0 (70/30) 66 MPTPS-MOF-808(Zr)-Pd 0
Me
6-G
2 R = Me, [6] G 6-G IPA/H,O (70/30) 66 MPTPS-MOF-808(Hf)-Pd 0
Containing Pd nanoparticles®
3 R = Me, [6] G 6-G IPA/H,0 (70/30) 66 DTBPPS-MOF-808(Zr)-Pd 48
4 R = Me, [6] G 6-G IPA/H,O (70/30) 66 DTBPPS-MOF-808(Hf)-Pd 75
5 R=H,[7] H F\©: Ph DMF/MeOH (95/5) 100 MPTPS-MOF-808(Hf)-Pd 0
OMe
7-H
6 R=H, [7] H 7-H DMF/MeOH (95/5) 100 DTBPPS-MOF-808(Zr)-Pd 33
7 R=H,[7] H 7-H DMF/MeOH (95/5) 100 DTBPPS-MOF-808(Hf)-Pd 85
8 R = OMe, [8] G Ph  DMF/MeOH (95/5) 100 DTBPPS-MOF-808(Hf)-Pd 99
o’ :
8-G

“ Aryl chloride (1 mmol), boronic acid (1.5 mmol), L-MOF-808(Hf)-Pd (1 mol% Pd) and base (1.5 eq.) in solvent (5 mL) for 16 h. ? Yield is
isolated yield of purified compounds. ¢ See ESIf for synthesis and characterisation of MPTPS-MOF-808(Hf) supported Pd nanoparticles.

Table 3 Suzuki-Miyaura cross-coupling of 3-nitrophenylboronic acid 9 or 3-(N,N-dimethylamino)phenylboronic acid 10 with 2-bromo-6-
fluorobenzonitrile F, using Pd-MOF-808 catalysts

R CN B
, B ¢ L-MOF-808(Hf/ Zr)-Pd
IPA/ H,0, Na,CO3 |O
B(OH), 66 °C, 18 h O
F
R=NO,9 NC
R =NMe;: 10 R=NO,:9-F F
R = NMe,: 10-F
Entry Catalyst R group Yield (%)
1%P MPTPS-MOF-808(Zr)-Pd NO, 55
2%? DTBPPS-MOF-808(Zr)-Pd NO, 37
3¢ MPTPS-MOF-808(Zr)-Pd NO, 32
4° DTBPPS-MOF-808(Zr)-Pd NO, 27
5 DTBPPS-MOF-808(Hf)-Pd NO, 76
6" MPTPS-MOF-808(Zr)-Pd NMe, 95
7 DTBPPS-MOF-808(Zr)-Pd NMe, 96
g DTBPPS-MOF-808(Hf)-Pd NMe, 97

[2-Bromo-6-fluorobenzonitrile F (1 eq.), boronic acid 9 or 10 (1.2 eq.), L-MOF-808(Hf/Zr)-Pd catalyst (1 mol% Pd), Na,CO; (1.5 eq.) in 2-PrOH/
H,O (70:30, 5 mL) at 66 °C for 18 h]. ® LCMS was used to estimate the conversions for this reaction as described in ESL} ? % isolated product
after chromatographic purification. ¢ 1.5 eq. of 3-nitrophenylboronic acid 9 was used.
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Knowing that aryl boronic acids with electron-withdrawing  performance than the Zr form in Lewis acid-catalysed
substituents can be either more difficult or very challenging  reactions.>® Certainly hafnium(w) salts have previously been
indeed in the coupling reaction,?° we considered a  used as effective Lewis acids in homogeneous catalysis.*’
comparison of catalysts for two sterically similar but  However, Lewis acids are not generally used in Suzuki-
electronically different aryl boronic acids would be of  Miyaura coupling and it should also be noted that MOF-
particular interest. The comparison of thioether-Pd/Zr and,  808(Hf) prepared hydrothermally has been shown to show a
trialkylphosphine-Pd/Zr in  the coupling of nitro-  higher ratio of Brensted:Lewis acid sites than MOF-808(Hf)
phenylboronic acid or dimethylamino-phenylboronic acid  prepared solvothermally.’® We therefore investigated whether
(Table 3) show that the latter undergoes cross-coupling very  this remarkable effect is observed for any other related
readily whichever catalyst is used (Table 3 entries 6-8) while  Suzuki-Miyaura coupling reactions over our catalyst.
under the same conditions, the nitro-phenylboronic acid Even for the relatively limited selection of substrates
generally only gives low to moderate yields. Notably, there = shown in Table 4, the Hf-derived MOF is observed to be much
was a significant uplift in yield if the framework metal is  more active than the Zr-derived one. 2,6-Difluorophenyl
changed from Zr to Hf, as in DTBPPS-MOF-808(Hf), Table 3  boronic acid 11 has been estimated to transmetalate more
entry 5. We have previously studied MOF-808-Hf in a variety = than 150 times more slowly than phenyl boronic acid 7
of reactions and the Hf form tends to exhibit better (ref. 27) whilst undergoing proto-deboronation much faster.

Table 4 Suzuki-Miyaura coupling reactions using low reactivity boronic acid/esters: comparison of DTBPPS-MOF-808(Zr)-Pd and DTBPPS-MOF-
808(Hf)-Pd

DTBPPS-MOF-808(Hf/Zr)-Pd
(1 mol% Pd in MOF)

OR? Ar—Ar
| + Ar—X 1
B IPA/ H,0, Na,COy orAr-R
ArR! OR?
F.Gorl 18h 11-G, 4-G,
4,5 011 4-1, 5-F or 5-G
(R2 = H or pinacol)
Entry” ArB(OH), [compound no.] Ar-Cl[F, G or I] Product Temp. (°C) MOF catalyst Yield” (%)
1 F Ph-Cl F 60 DTBPPS-MOF-808(Zr)-Pd 35
B(OH), G Ph
F F
11 11-G
2 11 Ph-Cl 11-G 60 DTBPPS-MOF-808(Hf)-Pd 94
G
3 Ph-Cl 80 DTBPPS-MOF-808(Zr)-Pd 11
L G Boo—N  )—Ph
Boc—N /) B\
o 4-G
4
4 4 Ph-Cl 4-G 80 DTBPPS-MOF-808(Hf)-Pd 81
G
5 4 F 80 DTBPPS-MOF-808(Zr)-Pd 70
Boc—N /
F
Cl 4-1
I
6 4 I 4-1 80 DTBPPS-MOF-808(Hf)-Pd 97
7 7\ CN NG F 80 DTBPPS-MOF-808(Zr)}Pd 30
F B(OH), B
r F
N= ¢/ \
5 N=—
F 5'F
8 5 F 5-F 80 DTBPPS-MOF-808(Hf)-Pd 98
9 5 Ph-Cl 7N\ 80 DTBPPS-MOF-808(Zr)-Pd 53
G F Ph
N=
5-G
10 5 G 5-G 80 DTBPPS-MOF-808(Hf)-Pd 97

¢ Aryl halide (1 mmol), boronic acid or ester (1.2 mmol), L-MOF-808(Hf/Zr)-Pd (1 mol% Pd) and sodium carbonate (1.5 eq.) in 2-propanol/water
(70:30, 5 mL) for 18 h at 80 °C. ? Yield is isolated yield of purified compounds.
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This leads to significant issues with most catalysts; the main
solution available with aryl halides is to use special pre-
catalysts of the Buchwald-type ligands at 2 mol% Pd loading.
These pre-catalysts have been designed for use at low
temperatures to limit degradation, although 1.5 equivalents
of boronic acid are still required.”” The coupling of
chlorobenzene using  just 1.2 equivalents of
2,6-difluorophenyl boronic acid 11 (Table 4, entries 1 and 2)
can therefore be described as a very significant challenge and
the formation of 94% product is therefore encouraging.

Boronic pinacol esters are known to be less reactive in
transmetalation than most other boron nucleophiles.’*?
Stability to protodeboronation of pinacol esters of boron is
generally relatively good relative to boronic acids, but they
are used in alkenylboron derivatives since these compounds
are associated with a greater tendency to undergo
protodeboronation and others side reactions.”> Once again
the same consistent improvement in performance was
observed for two aryl chlorides if the Hf-containing MOF,
DTBPPS-MOF-808(Hf), was used relative to the Zr one.

The fluorinated pyridyl boronic acid has all the
characteristics which tend to be problematic, since both the
heterocycle and the fluoro-substituent are electron-
withdrawing. Even unsubstituted 3-pyridyl boronic acid is
known to be moderately unstable due to issues with
protodeboronation.”®  Again, DTBPPS-MOF-808(Hf) gives
improved results relative to DTBPPS-MOF-808(Zr). The yields
observed with DTBPPS-MOF-808(Hf) are high despite the fact
only a very modest excess of aryl boronic acid is used.

Given the importance of extending the scope of this
important reaction, homogeneous catalysis studies continue
to be devoted to this challenge. The literature reveals how
challenging arylboronic acids have successfully been used
with aryl diazonium salt substrates, but these more expensive
and rarely commercially available electrophilic partners will
not be the ideal choice for many synthetic chemists. No base
is needed since the N, leaving group is non-coordinating and
transmetalation can proceed without base.*® This implies
that if a halide can be extracted from the Pd(L)ArX
intermediate, transmetalation occurs more readily. Recently,
a paper appeared that utilised this concept successfully by
using the combination of two homogeneous catalysts, a
trimeric zinc coordination complex as a Lewis acid, and a
dialkyl-arylphosphine Pd complex.>*”* The zinc complex (ca.
80%) was combined with 2 to 5 mol% of Pd catalyst and no
base was needed.*® Whilst these conditions, particularly the
amount of the Lewis acid, will not be suitable for some
synthetic chemists, mechanistic investigations established
that the Lewis acid plays a role in controlling the removal of
halide ions from the Pd centre and hence to facilitate
transmetalation. Exact proof of the role of Hf within the
insoluble MOF would be a challenge experimentally, due to
its heterogeneous nature and the sensitivity of the
intermediates. Computationally predicting the reactivity (or
even 3D environment) for each possible location of the
ligated Pd centres would be a formidable task. Nevertheless,
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halide extraction by Lewis acids that promotes
transmetalation does operate in homogeneous catalysis and
seems plausible here. Brgnsted acidic and H-bond donor
sites could also assist halide abstraction to some degree.
Alternatively, or additionally, it is possible that either Lewis
acidic sites or Brensted acidic sites could bind the base
activator. The exact impact of this is not known but could
change the concentration of base activator in the local
environment near the Pd centre.

The superior performance of DTBPPS-MOF-808(Hf)-Pd
over DTBPPS-MOF-808(Zr)-Pd is surprising and can be of
significant utility to synthetic chemists for specific Suzuki
reactions. It can also be of significance from the point of view
of catalyst design, because it is straightforward to prepare
MOF-808 and convert it into a variety of supported catalysts.
In this way Lewis acids and molecular complexes are readily
introduced into catalytic reactions in a way that should limit
incompatibility between catalysts.

Application of these MOFs to develop a broad-scope
Suzuki-Miyaura protocol is outside the scope of our project;
it is hoped the preliminary observations shown here will
provoke other related studies. In addition to the specific
observations from catalysis studies reported here, it is worth
noting that we have very easily extended the post-synthetic
modification of MOF-808 to sulfonated ligands that could be
used by others in a wide range of metal catalysed
bifunctional catalytic cycles. This establishes the PSM ligand
exchange approach we have been developing as of significant
utility for making new catalysts. The observations of a Hf
super-charging effect on the Suzuki-Miyaura reactions
catalysed by DTBPPS-MOF-808(Hf)-Pd can therefore be useful
as a design concept in catalysis.

Data availability

The research data supporting this publication, including
PXRD and NMR data, can be accessed at the St Andrews
Research Portal: https://doi.org/10.17630/5623b3e9-96cc-4d62-
80f0-b50456dc1446.>*

Author contributions

Soneni Ndlovu: investigation, data analysis, writing - original
draft and editing. Charlotte A. Lane: investigation and data
analysis (alkene isomerisation). Aaron B. Naden: investigation
(STEM), writing - original draft; Federico Grillo: investigation
(XPS), writing - original draft. Irene Giménez-Nueno:
supervision, writing — original draft and editing. Matthew L.
Clarke: conceptualisation, supervision, data analysis, writing
- original and revised drafts and editing, funding acquisition;
Paul A. Wright: conceptualization, supervision, data analysis,
writing - original draft and editing, funding acquisition.

Conflicts of interest

There are no conflicts of interest to declare.

Catal. Sci. Technol,, 2025, 15, 4922-4931 | 4929


https://doi.org/10.17630/5623b3e9-96cc-4d62-80f0-b50456dc1446
https://doi.org/10.17630/5623b3e9-96cc-4d62-80f0-b50456dc1446
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy01178c

Open Access Article. Published on 07 August 2025. Downloaded on 4/6/2026 6:07:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

Acknowledgements

We gratefully acknowledge the EPSRC and GSK for an iCase
studentship for Soneni Ndlovu (EP/T51746X/1). We thank Dr
Daniel Dawson (Univ. St. Andrews) for performing solid state
NMR measurements. We also acknowledge Mrs. Caroline
Horsburgh (St Andrews) for Mass Spectrometry and Dr
Ruxandra Chitac for SEM data. We also gratefully
acknowledge support from the EPSRC through grant numbers
EP/L017008/1, EP/R023751/1 and EP/T019298/1.

References

1 V. Polshettiwar, C. Len and A. Fihri, Coord. Chem. Rev.,
2009, 253, 2599-2626.

2 J. L. Ayogu and E. A. Onoabedje, ChemistryOpen, 2021, 10,
430-450.

3 A. Shopia Lawrence, N. Martin, B. Sivakumar, F. G. Cirujano
and A. Dhakshinamoorthy, ChemCatChem, 2022, 14,
€202200403.

4 A single example of an unactivated aryl chloride (chloroanisole)
with PhB(OH), using PEG-supported nanoparticles has been
reported: W. Han, C. Liu and Z. Jin, Adv. Synth. Catal.,
2008, 350, 501-508.

5 J. Liu, J. Hao, C. Hu, B. He, ]. Xi, J. Xiao, S. Wang and Z. Bai,
J. Phys. Chem. C, 2018, 122, 2696-2703.

6 L. Mohammadi and M. R. Vaezi, ACS Omega, 2023, 8,
16395-16410.

7 B. Salahshournia, H. Hamadi and V. Nobakht, Polyhedron,
2020, 189, 114749.

8 M. Albino, T. J. Burden, C. C. Piras, A. C. Whitwood, I. J. S.
Fairlamb and D. K. Smith, ACS Sustainable Chem. Eng.,
2023, 11, 1678-1689.

9 V. Pascanu, P. R. Hansen, A. Bermejo Gomez, C. Ayats, A. E.
Platero-Prats, M. ]J. Johansson, M. A. Pericas and B. Martin-
Matute, ChemSusChem, 2015, 8, 123-130.

10 P. K. Mandali and D. K. Chand, Catal. Commun., 2013, 31,
16-20.

11 M. Nasrollahzadeh, S. M. Sajadi and M. Maham, J. Mol
Catal. A: Chem., 2015, 396, 297-303.

12 J. Wang, T. Li, Z. Zhao, X. Zhang and W. Pang, Catal. Lett.,
2022, 152, 1545-1554.

13 L. Chen, Z. Gao and Y. Li, Catal. Today, 2015, 245, 122-128.

14 G. Xiong, X.-L. Chen, L.X. You, B.-Y. Ren, F. Ding, L
Dragutan, V. Dragutan and Y.-G. Sun, J. Catal., 2018, 361,
116-125.

15 D. Cartagenova, S. Bachmann, K. Piintener, M. Scalone,
M. A. Newton, A. P. Esteves, T. Rohrbach, P. P.
Zimmermann, J. A. Van Bokhoven and M. Ranocchiari,
Catal. Sci. Technol., 2022, 12, 954-961.

16 A. Alimardanov, L. Schieder-van de Vondervoort, A. H. M. de
Vries and J. G. de Vries, Adv. Synth. Catal., 2004, 346, 1812-1817.

17 1. P. Beletskaya, F. Alonso and V. Tyurin, Coord. Chem. Rev.,
2019, 385, 137-173.

18 R. Martin and S. L. Buchwald, Acc. Chem. Res., 2008, 41,
1461-1473.

4930 | Catal. Sci. Technol., 2025, 15, 4922-4931

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

View Article Online

Catalysis Science & Technology

G. C. Fortman and S. P. Nolan, Chem. Soc. Rev., 2011, 40,
5151-5169.

S. Bhaskaran, M. S. A. Padusha and A. M. Sajith,
ChemistrySelect, 2020, 5, 9005-9016.

K. Billingsley and S. L. Buchwald, J. Am. Chem. Soc.,
2007, 129, 3358-3366.

W. S. Brown, D. D. Boykin, M. Q. Sonnier Jr.,, W. D. Clark,
F. V. Brown and K. H. Shaughnessy, Synthesis, 2008, 12,
1965-1970.

K. H. Shaughnessy, Curr. Org. Chem., 2020, 24, 231-264.

K. T. Hylland, S. Qien-Odegaard and M. Tilset, Eur. J. Org.
Chem., 2020, 2020, 4208-4226.

E. A. Streomsodd, A. F. Buene, D. M. Almenningen, O. R.
Gautun and B. H. Hoff, Dyes Pigm., 2023, 209, 110899.

T. Niwa, Y. Uetake, M. Isoda, T. Takimoto, M. Nakaoka, D.
Hashizume, H. Sakurai and T. Hosoya, Nat. Catal., 2021, 4,
1080-1088.

T. Kinzel, Y. Zhang and S. L. Buchwald, J. Am. Chem. Soc.,
2010, 132, 14073-14075.

X. A. F. Cook, A. de Gombert, J. McKnight, L. R. E. Pantain and
M. C. Willis, Angew. Chem., Int. Ed., 2021, 60, 11068-11091.

L. Chen, D. R. Sanchez, B. Zhang and B. P. Carrow, J. Am.
Chem. Soc., 2017, 139, 12418-12421.

S. Hiibner, J. G. De Vries and V. Farina, Adv. Synth. Catal.,
2016, 358, 3-25.

A. Dhakshinamoorthy, A. M. Asiri and H. Garcia, Trends
Chem., 2020, 2, 454-466.

A. Dhakshinamoorthy, A. M. Asiri and H. Garcia, Chem. Soc.
Rev., 2015, 44, 1922-1947.

Y. Bai, Y. Dou, L.-H. Xie, W. Rutledge, J.-R. Li and H.-C.
Zhou, Chem. Soc. Rev., 2016, 45, 2327-2367.

H. Furukawa, F. Gandara, Y. B. Zhang, J. Jiang, W. L. Queen,
M. R. Hudson and O. M. Yaghi, J. Am. Chem. Soc., 2014, 136,
4369-4381.

Y. Liu, R. C. Klet, J. T. Hupp and O. Farha, Chem. Commun.,
2016, 52, 7806-7809.

X. Liu, K. O. Kirlikovali, Z. Chen, K. Ma, K. B. Idrees, R. Cao,
X. Zhang, T. Islamoglu, Y. Liu and O. K. Farha, Chem. Mater.,
2021, 33, 1444-1454.

(@) N. E. Thornburg, Y. Liu, P. Li, J. T. Hupp, O. K. Farha and
J. M. Notestein, Catal. Sci. Technol., 2016, 6, 6480-6484; (b)
H. G. T. Ly, G. Fu, A. Kondinski, B. Bueken, D. De Vos and
T. N. Parac-Vogt, J. Am. Chem. Soc., 2018, 140, 6325-6335.

P. Samanta, A. Sole-Daura, R. Rajapaksha, F. M. Wisser, F.
Meunier, Y. Schuurman, C. Sassoye, C. Mellot-Draznieks and
J. Canivet, ACS Catal., 2023, 13, 4193-4204.

R. R. R. Prasad, D. M. Dawson, P. A. Cox, S. E. Ashbrook, P. A.
Wright and M. L. Clarke, Chem. - Eur. J., 2018, 24, 15309-15318.
B. J. Gorsline, L. Wang, P. Ren and B. P. Carrow, J. Am.
Chem. Soc., 2017, 139, 9605-9614.

Y. Alvarez-Casao and M. A. Fernandez-Ibafiez, Eur. J. Org.
Chem., 2019, 2019, 1842-1845.

NIST X-ray Photoelectron Spectroscopy Database, Version 4.1
(National Institute of Standards and Technology,
Gaithersburg, 2012), (Accessed Jan 2025), https://srdata.nist.
gov/xps/.

This journal is © The Royal Society of Chemistry 2025


https://srdata.nist.gov/xps/
https://srdata.nist.gov/xps/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy01178c

Open Access Article. Published on 07 August 2025. Downloaded on 4/6/2026 6:07:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

43

44

45

46

47

48

49

C. D. Wagner, W. M. Kiggs, L. E. Davis and J. F. Moulder,
Handbook of X-ray Photoelectron Spectroscopy, Perkin-Elmer
Corporation-Physical Electronics Division, Eden Prairie, MN,
1979.

J. Xu, J. Liu, Z. Li, X. Wang and Z. Wang, J. Mater. Sci.,
2020, 54, 12911-12924.

C. Ge, M. Sheng, Y. Yuan, F. Shi, Y. Yang, S. Zhao, J. Wang
and Z. Wang, Carbon Capture Sci. Technol., 2024, 10, 100156.
J. Feng, Y. Zhong, M. Xie, M. Li and S. Jiang, Catal. Lett.,
2021, 151, 86-94.

R. Paz, H. Viltres, N. K. Gupta, A. Romero-Galarza and C.
Leyva, Environ. Sci.: Adv., 2022, 1, 182-191.

M. A. Diifert, K. L. Billingsley and S. L. Buchwald, J. Am.
Chem. Soc., 2013, 135, 12877-12885.

I. Hachiya, M. Moriwaki and S. Kobayashi, Bull. Chem. Soc.
Jpn., 1995, 68, 2053-2060.

This journal is © The Royal Society of Chemistry 2025

50

51

52

53

54

View Article Online

Communication

S. Rojas-Buzo, B. Bohigues, C. W. Lopes, D. M. Meira, M.
Boronat, M. Moliner and A. Corma, Chem. Sci., 2021, 12,
10106-10115.

A. J. J. Lennox and G. C. Lloyd-Jones, Chem. Soc. Rev.,
2014, 43, 412-443.

Y.-L. Feng, B.-W. Zhang, Y. Xu, S. Jin, D. Mazzarella and Z.-Y.
Cao, Org. Chem. Front., 2024, 11, 7249-7277.

J. Han, Y. Uetake, Y. Yakiyama and H. Sakurai, Chem.
Commun., 2023, 59, 4632-4635.

S. Ndlovu, C. A. Lane, A. B. Naden, F. Grillo, I. Giménez-
Nueno, M. L. Clarke and P. A. Wright, Synergistic cross-
coupling catalysis: a trialkylphosphine/Pd catalyst tethered
to MOF-808(Hf) is very effective for Suzuki-Miyaura coupling
of problematic nucleophiles. Dataset, University of St
Andrews Research Portal, 2024, DOI: 10.17630/5623b3e9-
96cc-4d62-80f0-b50456dc1446.

Catal. Sci. Technol,, 2025, 15, 4922-4931 | 4931


https://doi.org/10.17630/5623b3e9-96cc-4d62-80f0-b50456dc1446
https://doi.org/10.17630/5623b3e9-96cc-4d62-80f0-b50456dc1446
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy01178c

	crossmark: 


