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We report on the engineering of defects in precious group metal (PGM)-based HKUST-1 (Hong Kong University of Science
and Technology) analogues (Rh"!, Rul!, Ru"!") and the ramification on the catalytic activity by using the cyclopropanation of
styrene with ethyl diazoacetate (EDA) as analytical probe to investigate complex metal-organic framework (MOF) structures.
We have characterized the active sites within the extended frameworks by their activity, product distribution and
stereoselectivity. The role of the metal, its oxidation state and the availability of open metal sites are elucidated. With a set
of 17 samples including reference to Cu-HKUST-1, metal nanoparticles and existing literature, conclusions on the tuneability
of paddlewheel complexes within self-supported porous and crystalline frameworks are presented. In particular, additional
axial ligands (OAc-/Cl) accounting for charge compensation at the mixed-valent Ru'" nodes seem responsible for side-
product formation during catalysis. Thermal defect-engineeringallows for controlled and preferential removal of those axial
ligands accompanied by reduction of the average metal oxidation state. This enhancesthe number of open metal sites (OMS)
and the catalytic activity as well as improves the chemoselectivity towards cyclopropanes. The preference towards
formation of trans-cyclopropane is assigned to the steric crowding of the paddlewheel moiety. This diastereoselectivity

gradually diminishes with rising defectiveness of the PGM-HKUST-1 analogues featuring modified paddlewheel nodes.

known to occur.10-15  The latter reaction requires two open
Introduction metal sites (OMS) at the metal center and yields linear allyl

The transition metal catalyzed cyclopropanation (CP) of olefins species which are further denoted as linear products. A

is a well-established reaction in molecular catalysis. From the

first report of Rh2(OAc)s almost fifty years ago, its underlying Axial Ligands  Perfect PW  Modified PW
lantern-like binuclear “paddlewheel” structure (PW, see Figure
1) has ascended and now represents the benchmark catalyst RéiahfoR Roigho.R
system for this reaction.!3 Many efforts have been made and = ol 0)\‘1 R,(Oniho
libraries of new ligands (all kinds of carboxylates, " ™ o7
carboxamidates, phosphonates and others) were created to R;/T‘L.\O.R

o}

achieve higher activities but also to access chemo-, diastereo-
and even enantioselectivity.4 Consequently, deepest
mechanistic comprehension of important parameters for this 1
and other related reactions involving transition metal carbenoid Homocoupling ChemoseleCtIVIty 1R Praniie:
species is available in literature. 2 52 Side-products resulting EtOOC._n Cyclopropane Ph ., COOE

from homocoupling of two carbenes or from C—H activation are COOEt f
Ph COOEt
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structures. Putative assignment of the PW-types (mixed-valent with axial ligands, perfect
or modified) with their catalytic chemoselectivity: Middle: Cyclopropanes; Left:
Tendency to form homocoupling products; Right: Tendency to form linear products.
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mechanistic summary assisting the conclusions from this paper
is provided in the supporting information (ESI).

One possible strategy to overcome the limitations of isolated
complexes in homogeneous catalysis (e.g. catalyst separation,
recycling) is their immobilization in solid materials.16-21
Consequently, the performance of some related materials has
been studied in the cyclopropanation of styrene with ethyl
diazoacetate (EDA) as test reaction.l2 2225 Many of these
reports focused on the influence of tuning the local structure of
the catalytically active centers on the catalytic activity. For
instance, Buntkowsky et al. studied rhodium-based
coordination polymers with 2D sheet structure comprising Rh2-
PWs interconnected with terephthalate linkers regarding the
impact of linker side chains in this reaction.?32> Corma et al.
reported Cus(BTC)2 (BTC =1,3,5-benzene tricarboxylate; aka
HKUST-1, Hong Kong University of Science and Technology), to
exhibit good activity and stability in this CP.26 More recently, we
have found unexpectedly high diastereomeric selectivity for the
catalyzed by
porphyrin-based MOFs as a result of pore
confinement and directing effects by adjacent metal nodes.12
The CP-enantioselectivity is intrinsically more difficult to control
with MOF catalysts.

In recent years, the perception of defects in MOFs has changed
significantly as defective sites often dominate material
properties relevant for manifold applications such as catalysis,
gas sorption and separation or electric and ionic conductivity. 27-
30 Thus, ways to control the defect formation or even to
intentionally introduce defects into MOFs either de novo during
synthesis or postsynthetically have been developed. Recently,
we established a process for thermal defect-engineering (TDE)
of MOFs as novel way to postsynthetically introduce defects
into precious-group metal (PGM)-based analogues of the
archetypical PW-based HKUST-1 structure.3! In contrast to their
structural parent (Cu-HKUST-1), the PGM analogues (Ru, Rh and
mixed-metal RuRh) feature high compositional complexity due
to their pronounced defectiveness and are challenging to
characterize on the atomic scale. Many common techniques
such as single-crystal X-ray diffraction (SC-XRD), compositional
analysis after acid digestion, X-ray photoelectron (XPS) and
energy-dispersive X-ray spectroscopy (EDX) are not applicable
or do not fulfil their typical potential in these microcrystalline,
highly stable PGM-based materials.

In contrast to previous studies on the catalytic CP seeking for
ever increasing catalyst performance, and in the light of our
previous reports on the influence of macroscopic structural
modifications of MOFs,3! we intend to demonstrate an opposite
strategy herein. In this proof-of-concept study, we aspire to
probe the local catalyst structure (and its changes) for a better
structural comprehension by the CP reaction and its
characteristics (such as activity and selectivity as highlighted in
Figure 1). In other words, we were motivated to exploit the
well-established comprehension of the manifold reaction
characteristics as analytical probe to access the complex defect
chemistry of isostructural TDE-PGM-HKUST-1 analogues. The
specific impact of the metal choice, its oxidation state and

cyclopropanation  of substituted styrenes

metalated
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defectiveness (as modified by TDE) are investigated. cand
conclusions on the tuneability are drawn.DOl: 10.1039/D0CY01479F

Experimental

General considerations about working procedures, used
chemicals and solvents as well as instrumental details are listed
in the supporting information. Spectra and analytical data
regarding MOF characterization are also provided.

Synthesis of MOF samples

The synthesis of the pristine precious-metal MOFs was
conducted in analogy to the literature procedures for Rus3(BTC):
(univalent), Rus(BTC)2Y1s (Y =CI/OAc; mixed-valent) and
RuxRh3«(BTC)2Yx2 (mixed-metal).323> Cusz(BTC), was synthesized
according to a room temperature literature procedure.3®
Defective samples were produced from pristine materials by
means of a TGA-based thermal treatment within an argon-filled
glovebox allowing access to predefined and reproducible
degrees of additional defectiveness within the samples. Weight-
losses of 5.5%, 10% and 15% were chosen to obtain samples
denoted 10%D, 20%D and 30%D (D= defects) according to their
rough defect amounts. For defective samples, a (XX/YY)
nomenclature was used, referring to XX% rhodium fraction
within the bimetallic MOF samples of Ru and Rh. YY% refers to
the post-synthetically introduced defect amount (0% for the
pristine and =10%, 20% and 30% for defective samples). Metal
nanoparticles were produced through complete thermal
decomposition of respective MOF samples.

Basic characterization data (PXRD, TGA, EA, N2 physisorption, IR
and Raman spectroscopy) of all MOF samples is given in the ESI.

HR-TEM and Elemental Mapping

HR-TEM, STEM micrographs and EDS elemental mappings were
recorded with a JEM NEOARM microscope (JEOL) with a cold
FEG electron source operated at 200 kV. Samples were
prepared by depositing a drop of the crystalline products
dispersed in ethanol onto carbon-coated copper grids (200
mesh) and dried in air. Images of all samples are displayed in
Figure 2 and S21-23. Elemental maps are displayed in Figures 2
and S24-25.

CO Titration of OMS

TGA-based OMS titration experiments using CO were
conducted in the following manner: In a stream of Ar
(40 mL min1), the MOF sample was heated to either 150 or
300 °C in Ar and successively to 150 °C in H; for activation or
defect generation. After cool-down to ambient temperature,
the residual weight was taken as reference and further
monitored during additional CO dosage with increasing flow
rates (5, 10 and 15 mL min). Calculated CO uptakes (Table S3)
refer to mass peak values during CO dosage. All related graphs,
temperature programs and respective weight curves are
displayed in Figures S16-20.

This journal is © The Royal Society of Chemistry 20xx
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Catalysis experiments

Cyclopropanation reactions were carried out with an optimized
procedure. Either each 5 mg (“same weight”) or 1.32 mol-%
(with respect to EDA; “same equivalents”) of finely ground
activated MOF samples was weighed in screw-capped vials with
septa within a solvent-free argon-filled glovebox. A cross-
shaped stirring bar was added, and the vials were tightly closed
prior to the transfer out of the glovebox. A solution of 0.5 mL
styrene in 0.5 mL dichloromethane was added and the mixture
was vigorously stirred to obtain a homogeneous dispersion. For
the entire reaction, a stirring rate of 150 min1 was set. Utilizing
a syringe pump, a solution comprising 2.4 mL dichloromethane,
2.4 mL styrene, 0.2 mL toluene and 0.2 mL EDA was added with
a rate of 0.087 mL s to achieve a total addition time of one
hour. An additional cannula accounted for pressure release
upon nitrogen formation. Samples of 0.1 mL were taken at the
respective reaction time (t = 0 at the end of the addition time),
diluted in 0.7 mL dichloromethane and syringe filtered (0.2 um
pores). Reaction conversions and selectivities were determined
by GC (HP-5 column) with flame ionization detection. Product
identification was performed according to earlier reports.12 15
For the hot filtration test, the catalytic procedure was
conducted accordingly with separation of a sample of 1 mL and
successive syringe filtration into a similarly stirred reaction vial
including continuous sampling. Reusability was verified by
repeated use of MOF material in five consecutive runs with
sampling after 4 h each. The catalyst was centrifuged
afterwards, and a fresh EDA dose was added according to the
general procedure. The small residual amount was used for
PXRD after the fifth run. Formulae for TOF and selectivity
calculations are provided in the ESI.

Results and Discussion

Synthesis & Characterization of Thermal Defect-Engineered MOFs

Modulated hydrothermal synthesis utilizing the concept of the
controlled secondary building unit approach was chosen to
produce precious metal-based HKUST-1 derivatives of
ruthenium, rhodium, and a bimetallic variant. Therein, the
ruthenium dimers in paddlewheel (PW) structures possess a
mixed valency (I1,1Il) while rhodium PWs are univalent (l1,11). In
the mixed-valent Ru case, one additional axially bound ligand
(acetate or chloride) per PW accounts for charge compensation.
The selected oxidation states represent the air-stable
configurations and accord to the chosen precursors Ruz2(OAc)4Cl
and Rh(OAc)s. In the following, an (X /Y) notation is used to
describe the samples with X referring to the fraction of rhodium
within the metal nodes (0, 50, 100% with respect to the Rh!! to
Ru'™ ratio) and Y describing the defectiveness (0, 10, 20, 30%)
introduced postsynthetically via TDE. Note that Y merely
qualitatively describes the postsynthetically introduced defect
amounts and should simplify the exact results derived from
various experimental data, calculation approaches and different
pristine MOF samples. A detailed description of definitions and
precise calculations of the defectiveness is given in the ESI (see
Table S2). As introduced in our earlier report,3! the controlled

This journal is © The Royal Society of Che mistry 20xx
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thermal defect-engineering (TDE) with successive,.isothesmal
steps (see Figure S1) was performed WAtH 18 TPGANINISYKeti9p
within a glovebox. This allows to produce and handle TDE-MOF
samples with unique gravimetric process control over the
progress of thermal annealing and to prevent these highly
reactive  samples from undesired (and uncontrolled)
deactivation in air or moisture. For TDE-MOF sample synthesis,
precise weight losses of 5.5, 10 and 15 wt.% with respect to the
activated pristine PGM-MOFs were targeted. To ensure high
reproducibility, initial sample weights (100 wt.%) were
referenced to the stable weights at 150 °C isothermal
treatment.

All samples — pristine and TDE-MOFs —were characterized with
PXRD, elemental analysis, FT-IR, Raman, nitrogen physisorption
(including pore size analysis) and thermogravimetry. All related
patterns, spectra and isotherms are displayed in the supporting
information (see the ESI, Figures S2-15 and Table S1). The
performed analyses suggest that TDE does not negatively affect
the crystallinity of the isostructural samples. In Rh-based MOFs,
however, upon TDE, increasing nanoparticle (NP) formation can
be observed in the XRD patterns. Information derived from
spectroscopy suggests decarboxylation of BTC
linkers forming isophthalate and the removal of axial and
equatorial acetate (modulator) ligands. Pristine mixed-valent
ruthenium PWs typically possess one additional axial ligand for
charge compensation being either acetate or chloride. During
TDE, the axial acetates are readily removed providing access to
univalent Ru'"!" sites with two open metal sites (OMS) per PW.
In contrast, the axial chloride ligands mostly remain strongly
bound. Regarding the porous structure, all samples exhibit and
retain their high porosity during TDE with slight shifts towards
larger pore sizes because of partial pore wall removal during
TDE. Elemental analysis data, with some assumptions, allow for
the determination of empirical sum formulae. These also
support the removal of organic constituents during TDE with a
preference towards acetate removal. As a result, the mean
metal valences decrease due to the formation of modified PWs.
PXRD, EA, IR, Raman and BET data are provided in the
Supporting Information.

To visualize the morphology and crystallite sizes of the
produced MOF samples, high-resolution transmission electron
microscopy (HR-TEM) with elemental mapping was performed.
Representative images of selected samples are displayed in
Figure 2. NPs can be identified neither in the pristine Ru-MOF
(0/0) nor in the respective TDE-MOFs (0/30) (top block, left
images). In contrast, clusters of NPs are already present in the
pristine Rh-MOF (100/0) sample migrating and agglomerating
into larger NPs upon TDE (100/30). The pristine mixed-metal
MOF sample (50/0) does not contain NPs but small NPs emerge
from 20% defects on. These findings are supported by the PXRD
data mentioned earlier (see the ESI, Figures S2 and S3). The
elemental maps displayed in Figure 2 indicate the bimetallic
nature of both the pristine (50/0) and the TDE-RuRh-MOF
(50/30) and support the absence of demixing phenomena and
overall preserved structural integrity (confirmed by PXRD)
during TDE.

vibrational

J. Name., 2013,00,1-3 | 3
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To quantify the catalytically relevant number of OMS, we
designed a TGA-based titration experiment utilizing carbon
monoxide as a probe molecule (for selected samples, see Figure

(0/0) m(so/oy q

MG 100 nm

FhL c———= 100 nm

MG1 ————— 100 nm €K c——— 100 nm

=———— 100 nm RhL ———= 100 nm

Rul ———— 100 nm

Figure 2: Top block: HR-TEM images of representative samples: left: pristine (0/0) and
most defective Ru-MOF (0/30), middle: pristine (50/0) and most defective RuRh-MOF
(50/30), right: pristine (100/0) and most defective Rh-MOF (100/30). Yellow scale bars
represent 50 nm. TDE does not impose topological changes or NP formation in Ru-MOF.
In contrast, Rh-containing MOFs exhibit increasing NP formation. Note: The (100/0)
pristine sample already contains NPs from synthesis. Middle and bottom blocks: Selected
dark field STEM images of representative particles of (50/0) (middle) and (50/30)
(bottom) and the corresponding EDS elemental mapping for C, O, Rh, Ru and the
overlayed Ru/Rh signals. White scale bars represent 100 nm. The maps support the
bimetallic nature of the mixed-metal particles even upon NP formation during TDE. Maps
for pure Rh-based samples are provided in Figures $23-24.
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S16). First, each pristihne MOF sample was treated, at.bhigher
temperatures to fully desolvate the axialDEdordinaBGPCsibés78
to thermally induce defects into the materials. At ambient
temperature, a diluted stream of CO was dosed through the
chamber and the respective weight gain was monitored (see
Table S3). Gravimetric numbers were converted into molecules
CO per PW assuming stoichiometric sorption of 1 CO per metal
site as concluded from earlier reports.3! For instance, thermal
treatment leads to an increase from 0.72 CO per PW (after
150 °C) to 1.86 CO per PW (after 300 °C treatment) of the Ru'’!
sample. Pretreated at 300 °C, 0.59 CO adsorb at each Rh PW,
while it is 0.97 CO per Ru""M-PW after the identical defect
creating treatment. The respective thermogram and all values
are given in the ESI confirming the redox flexibility of ruthenium
samples with increasing number of OMS upon thermal
treatments.

TDE-MOFs as Catalysts for the Cyclopropanation of Styrene

As introduced above, the CP of styrene with ethyl diazoacetate
(EDA) was studied intensively in molecular catalysis. Related
reaction characteristics such as activity, chemoselectivity and
diastereoselectivity predictably correlate with the number (and
reactivity) of OMS, the electronic environment of the PW
(oxidation state, presence/absence of axial counterions) and its
steric properties (ideal/defective PW). With this solid literature
basis, we wanted to use the reaction as a probe to obtain
deeper insights into the complex structure of PGM-MOFs and
their thermally defect-engineered derivatives (TDE-MOFs), and
to investigate the possibilities of catalyst improvement for this
reaction. Previous analysis of the related materials was used to
validate the results of this novel approach.

First, a general procedure for the CP was developed using a low
catalyst loading of only 1.3 mol-% related to the limiting EDA
amount. Similar to earlier reports, a large excess of olefin was
used and slow addition of the EDA solution used to suppress a
homocoupling reaction between the formed carbene species
and a second EDA molecule, which then results in diethyl
fumarate or maleate as side products.12 3738 The reaction was
performed by suspending the solid MOF catalyst in
dichloromethane at ambient temperature for reasons of
experimental convenience and comparability with previous
works. Within this study, three different groups of products

BOOC % nnggr  Homo Coupling | &
(trans /cis) |©
=
aJ =
N5 COOEt  MOF Catalyst -3

[.3'mol-%] Ph COOEt Cyclopropanes

- 5
/
(CH;Cly) V {trans / cis)
ZPh rt.

T

Linear Coupling
(trans I ¢is)

Ph. ., -COOEt
Scheme 1: Overview of the reaction products from the reaction of styrene with EDA
catalyzed by MOF catalysts. A molar ratio of 0.013 : 1: 15.66 with respect to metal, EDA
and styrene was applied. The catalyst was suspended in a mixture of 0.5 mL styrene and
0.5mL dichloromethane for 15 min until a solution of 2.1mL styrene, 2.1mlL
dichloromethane, 0.1 mL toluene and 0.1 mL EDA was added via a syringe pump over
one hour. Sampling wasstarted at the end of addition.

This journal is © The Royal Society of Chemistry 20xx
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were observed (see Figure 1 & Scheme 1). The desired cis and
trans-cyclopropanes ethyl 2-phenylcyclopropane-1-carboxylate
are the main reaction products. As side products, the
aforementioned homocoupling products but also a couple of
linear allyl species resulting from carbene C-H insertion are
observed in some reactions (see Figure 1). Note, that the
selectivity of this reaction is generally unaffected by conversion,
temperature, solvent or catalyst loading. Therefore,
chemoselectivities after 24 h are compared in Figure 4.
Investigation of the Pristine MOF Catalysts All investigated
PGM-MOFs exhibit catalytic activity for the cyclopropanation of
styrene with EDA. Turnover frequencies (TOFs) representing the
activity of the materials are displayed in Figure 3 for all PGM-
MOFs (time-conversion graphs for early data points are
provided in Figure S26). At first, we compared results obtained
with identical MOF catalyst loadings of 5 mg each (metal
contents range between 37 and 48%, detailed values are given
in the ESI). While the activity of the pristine Ru-MOF is
comparably low with 40% conversion after 4 h, the mixed-metal
RuRh (50/0) sample reaches 92% after 4 h. An even greater
activity can be observed for the pure Rh-MOF reaching
quantitative conversion of EDA already after 1 h. Normalized to
the metal content, the initial activities are rather comparable
for both pristine RuRh- and Rh-MOF (see Figure 3, bottom
graph). Note, that a reference experiment with molecular
Rh2(OAc)s gave full conversion already at the first sampling
(0 min) at the end of the EDA addition. Thus, the experimental
procedure applied herein limits the calculated TOF for
Rh2(OAC)s to 145 hl.

Looking at the product distribution, significant differences can
be observed within the used metals as can be seen in Figure 4.
A schematic overview of the different PW-types (mixed-valent,
univalent, modified) and their associated selectivity is given in
Figure 1. Interestingly, Ru-MOF forms large amounts of
homocoupling products (=30 %) with CP selectivities of =64-
68 %. Rh-containing MOFs do not induce the formation of the
homocoupling product. However, besides the cyclopropanes,
different products that stem from the coupling of styrene with
EDA are observed instead. Linear allyl species (15-18 %
selectivity) are formed. These could potentially arise from a C-H
insertion reaction of the carbene species into olefinic C-H bonds
or result from ring opening reactions. The former reaction,
often termed “C-H insertion” or “homologation reaction”, has
rarely been reported for PW-type catalysts.1l, 37 33, 40
Predominantly, isolated ruthenium complexes were found to
yield these linear side products also using excessive styrene
concentrations.11 13,15, 41 The molecular Rhy(OAc)s reference did
not produce such linear products in detectable amounts under
our reaction conditions. In general, for CP to occur, only one
available OMS is required for the carbene formation /
coordination. The axial position of PW complexes serves this
purpose well. All literature reports have in common that the C-
H activation requires more space at the metal site allowing for
the coordination of both the carbene species and the olefin
simultaneously.!! Therefore, we conclude that the formation of
the linear allyl species might be catalyzed by modified PWs

This journal is © The Royal Society of Che mistry 20xx
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(present in missing linker defects, see Figureaide oand
Scheme $3).35 In principle, styrene shB@Id106@39¢apabid47%6
coordinate to all types of OMS. At a defective PW, this is one
free equatorial position and the two adjacent axial positions. All
of them may be coordinated by styrene molecules at the
beginning of the reaction. Upon EDA dosing, one axial styrene
can be substituted by EDA accompanied by N2 release and
formation of the proposed metal carbenoid species. The
adjacent coordination (cis) of both styrene and the carbene
species at one metal center (such a potential intermediate is
displayed in Scheme S3) meets the conditions for the C-H
insertion as proposed in the literature.! Turning to the mixed-
metal RuRh-MOF, an almost identical product distribution as for
the Rh-MOF can be observed (=15% linear products; no
homocoupling products). Together with the similar activity of
both catalyst materials, its catalytic properties seem to be
dominated by the rhodium sites.

100

co
(=]

Conversion [%]
_- [=)]
o [=]
\
c

20 —=—RuNP

] i —_— Rh MNP 1
0 J:,_:-—— blank - L : .
o4 L [h] 2401 4 L. [h] 24

120 -

TOF [h]

TN

_ssss:|lees58llssss p Q
- T o Sl - [
Ru Rh RuRh Ref

Figure 3: Activity in the cyclopropanation reaction of styrene with EDA. Top left: Time-
conversion plots comparing different pristine HKUST-1 analogues of Cu (purple), Ru
(mixed-valent (black) and univalent (blue)) and Rh (green) with respective NPs (grey)
as catalysts. Top right: Activity comparison of different ruthenium-based MOFs: The
moderate activity of the mixed-valent Ru""-MOF (0/0) is strongly enhanced by TDE
(0/10->30) (brown to red curves). Bottom: Overview on turnover frequencies (TOFs)
derived from initial conversions and 30 min average reaction time within 1 h for the
controlled EDA addition. As can be seen, compared to the reference materials, all
PGM-MOFs exhibit high activities and the beneficial effect of TDE to enhance the
activity of Ru-MOF by OMS generation can be seen. *Observed conversions are in the
range of the uncatalyzed background reaction. The molecular Rhy(OAc), (not
displayed) reached full conversion already at 0 min, thus its TOF is experimentally
limited to 145 h1.
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Figure 4: Chemoselectivities for allsamples after 24h. The three groups of products are
displayed in stacked columns. The bottom bars represent the cyclopropanes (strongly
colored), the fractions in the middle (pale) represent the observed homocoupling
products. Top bars (cross-shaded) represent the fractions of linear products. Leftgroup:
Ru-MOF samples indicate improved chemoselectivity towards CPs and decreasing
homocoupling upon TDE indicating the axial ligand removal. Middle left (mixed-metal
RuRh-MOFs) and middle right (Rh-MOFs) group: Linear products as side products
emerge. TDE has no effect on the chemoselectivity for RuRh- and Rh-based samples.
Right group: Reference samples. Note that, the conversion of metal NPs is very low,
thus represents merely the uncatalyzed background reaction.

Focusing on the stereoselectivity, the trans-isomer is slightly
favoured (=64-68%) when using “perfect” PWs like Rh2(OAc)s or
heterogenized PWs as they are present in Cu-HKUST-1.22, 26, 38
As explained in the ESI in detail, the reaction is controlled
through the geometry of the PW. As displayed in Figure 5, the
resulting  diastereoselectivity in HKUST-1 analogues s
decreasing in the order Cu > Ru > RuRh > Rh. This order is also
representing the intrinsic defectiveness
resulting from modulated synthesis. Defective PWs presumably
miss the directing effects of the steric “wall” formed by the
metal and its four equatorial oxygen atom ligators. This is in line
with earlier reports on Ru- and Rh-based HKUST-1 analogues
featuring increasing amounts of defects.34 35 42

Investigation of the TDE-MOF Catalysts Proceeding from the
pristine PGM-MOFs towards their thermally treated defective
analogues, we performed identical catalytic reactions with all
TDE-MOFs and an additional univalent Ru''!' reference sample.

of pristine samples

In the ruthenium case, TDE clearly increases the -catalytic
performance as can be seen in both Figure 3 and in the time-
conversion plots for the whole series (see Figures 26-29). The
strong increase in activity is also visible in more than doubled
TOFs (from =50 h? for pristine Ru-MOF over =92 h? for the
(0/30) sample towards =110 h! for the Ru'"!'-MOF) presented in
Figure 3. This activity improvement can be attributed to the
removal of the axial acetate ligands providing a higher number
of OMS per PW as outlined above. Beyond the observed
TDE of Ru-MOF
chemoselectivity as highlighted in Figure 1 and 4. Starting from

67 % selectivity with respect to the CP products observed for

increase in  activity, also enhances the

pristine Ru-MOF, the number gradually increases to 85 % in the
(0/30) sample almost matching the 87 % from the Ru''!-MOF.
This observation led us to conclude that axial acetate ligands on
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Figure 5: Diastereoselectivities of PW systems studied herein after 4h. The progressive
decrease in diastereoselectivity can be correlated with the assumed structural changes
with increasing defectiveness of the PWs as indicated schematically. The trend is visible
inthe order Cu >>Ru> RuRh>Rhas well as uponincreasing TDE.

mixed-valent Ru-PWs are the main source for the undesired
homocoupling side products as they are successively removed
during TDE. In other words, thermally induced axial ligand
removal and the subsequent metal reduction correspond with
improved selectivities towards the desired cyclic products for
Ru-BTC.

In contrast, both Rh- and RuRh-MOF samples exhibit rather
constant activities irrespective of the postsynthetic defect
generation. Although, the obtained data suggest a slight drop of
activity for low defect amounts (samples (50/10) and (100/10)
as shown in Figure 3), the values observed for higher amounts
rise again. This intermediate drop could potentially arise from
particle agglomeration during TDE responsible for a first drop.
Further thermal treatment, however, recreates the catalytic
performance as more OMS are generated. No impact on the
chemoselectivity of Rh- and RuRh-MOF is observed. This
suggests that the nature and the environment of the active Rh
sites are apparently not affected by the thermal treatment.
Interestingly, any increase in the linear side products that would
be expected for a higher number of defective PWs is not
substantiated. This is in line with results from CO probe FT-IR
measurements that do not suggest large amounts of partially
reduced Rh nodes while strong bands for reduced Ru-sites can
be observed.3!

Focusing on the diastereoselectivities of all TDE-MOFs, the
slight preference of the trans-CP observed for Ru-MOF (=57:43)
is reduced to 53:47 (+1%) for Ru"!"-MOF. Similar trends of
equality of diastereoisomers can be observed for the mixed-
metal RuRh- as well as the pure Rh-MOF. Respective graphs are
displayed in Figure 5 for 4h reaction time. TDE-MOF samples
follow the trend of reduced stereo control as described for the
pristine  MOFs. From these data we conclude the progressive
formation of defective, modified PWs during TDE.

Reference experiments have been performed with Cu-BTC,
nanoparticles of Ru and Rh and molecular Rhz(OAc)s. As can be
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seen in Figure 3 (bottom graph) and Figures S$30-32, Cu-BTC
exhibits low activity with a TOF of =18 hl. Furthermore, its
conversion contained a strong induction period. Expanded
investigations with hot filtration (performed after 20 min of
stirring the suspensions) revealed the activity of Cu-BTC to
mainly rely on leaching which is in contrast to findings in a
previous report.26 Compared with the well-known copper
analogue, precious group metal-based HKUST-1 derivatives
studied herein, though more demanding to synthesize, have
significantly higher stability towards water and solvents.32 33, 35
A hot filtration experiment with the most active Ru''-MOF
confirms catalyst heterogeneity as can be seen in Figure S30.
Further, emerging nanoparticles being responsible for the
increase in activity upon TDE are clearly ruled out (see Figure 3
and S32) as their activity is in the range of the uncatalyzed
background reaction. Note, that the presence and potential
catalytic impact of ultra-small NPs / single metal atoms is hard
to evaluate due to absence of suitable characterization
techniques and is thus without consideration. The Rhz(OAc)a
reference sample reaches quantitative conversion already after
the addition time (0 min), thus its TOF is experimentally limited
to 145 h1 with a chemoselectivity of 100% towards
cyclopropanes in a diastereomeric ratio of =64:36. This is in
accordance with existing literature.#3 Confinement effects
accounting for the diastereoselectivity trends or the formation
of the linear products might be ruled out, since both molecular
Rh2(OACc)a and Cu-HKUST-1 produce equally high
diastereoselectivities. While any confinement is absent in the
former, the latter is isostructural to the PGM-MOFs studied
herein.

Reusability (catalyst cycling) experiments were performed using
Ru'l- and Rh'I-BTC samples. For both activated materials,
reduced activities are observed within consecutive runs as no
additional catalyst sample activation was performed between
two different runs (see Figures S33-34). For the Rh-MOF, the
chemoselectivity towards linear products is reduced with
progressive cycling which we attribute to increasing saturation
of modified PWs. The univalent Ru"! sample follows the
chemoselectivity trends observed during TDE in the opposite
direction. This clearly suggests a progressive reoxidation and
axial ligation back to mixed-valent Ru'""'species featuring lower
activity and chemoselectivity with homocoupling side products
being formed again. With respect to the low sample amounts,
the structural order is mostly preserved after five consecutive
cycles (see Figure S35).

Conclusions

Overall, thirteen different samples of precious group metal
(PGM)-based HKUST-1 derivatives including thermal defect-
engineered thereof have been synthesized,
characterized, and applied in the cyclopropanation of styrene
with ethyl diazoacetate. All PGM-HKUST-1 analogues (Ru''",
Ru' Rh.!" and mixed-metal Ru'"'"Rh!'!") are good CP catalysts
with the pristine Ru''"' being less active compared to Ru''" or
Rh!\ but much more tuneable by thermal defect-engineering
(TDE). A doubling of the activity and at the same time

variants
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diminished formation of homocoupling side products,, (fumasate
and maleate) by 67% are observed. PRI 10mRTINEAENH75
rationalized by the successive metal reduction (creation of more
OMS) upon TDE. For both Rh- and RuRh-HKUST-1, TDE did not
affect the activity or the chemoselectivity but reduced
diastereomeric preference suggests progressive formation of
modified PWs. The studied PGM-MOFs have good chemical
stability and exhibit no leaching as it is observed for Cu-HKUST-
1. Nanoparticles or metal leaching contributing to the catalytic
activity are ruled out for the PGM-MOFs studied herein, while
the moderate activity of Cu-BTC seems to be governed by
leaching species. In light of our findings in the CP reaction
(presented herein) and in the dimerization of ethene (studied
earlier),31 we highlight the potential of TDE for the controlled
post-synthetic defect incorporation in MOFs and recommend
this process over other DE strategies.

The key message of this conceptual study, however, is to make
use of the catalytic CP reaction and its corresponding
characteristics (activity, chemo- and diastereoselectivity) as
novel analytical probe to study MOFs. The PGM-HKUST-1
analogues investigated herein are promising materials for
catalytic  applications, but their intrinsically pronounced
defectiveness is just one factor contributing to their high
compositional and structural complexity. Their characterization
is challenging and usually requires a multitude of analytical
techniques which often just provide fragmented insights that
need to be compiled carefully. In this regard, the well-
investigated CP reaction is experimentally easy to conduct and
could furnish several analytical indications: The relative number
and density of OMS, their chemical nature (perfect vs modified
PW), whether axially bound anions are present and
consequently the metals’ oxidation state and its stability under
catalysis conditions. Computational ways to describe the
observed phenomena to support the findings presented herein
are currently under investigation.
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This work highlights the catalytic cyclopropanation and its characteristics as novel analytical tool
to investigate complex MOF structures.
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