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Abstract

In this study, we investigated whether a tetradentate copper-bispidine complex can be heterogenized in the Zr-based
metal-organic framework NU-1000. The ligand used is a rigid N-donor system based on the 3,7-diazabicyclo[3.3.1]nonane
scaffold, and its copper complex is known for efficiently catalyzing the aziridination of styrene. Because different residual
anions are commonly present in metal-organic frameworks, we first probed the influence of the counterion in homoge-
neous catalysis by synthesizing a series of copper-bispidine complexes bearing different counterions. In homogeneous
solution under an inert atmosphere, the counterion had a pronounced effect on the aziridination yields. Under air, however,
oxygen oxidized the catalytically active Cu(I) species, while water/hydroxido ligation became dominant and acted as co-
ligands, thereby diminishing the impact of the counterion. Immobilization was targeted via solvent-assisted ligand incor-
poration (SALI). To this end, the methyl esters on the ligand backbone were converted to carboxylates to enable binding
to the ZrsOs nodes of NU-1000. Immobilization of the copper complex in NU-1000 follows Langmuir behavior; however,
powder X-ray diffraction and attenuated total reflection - Fourier transform infrared spectroscopy measurements show that,
under the conditions employed, the immobilization is predominantly superficial. Significant leaching prevented reliable
catalytic testing of the immobilisates. Overall, direct SALI-based loading of the copper-bispidine system onto NU-1000
proved unstable; the results identify the key limitations (surface deposition and leaching) and suggest that alternative sup-
port materials or anchoring strategies may enable robust heterogenization of this catalyst class.
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Introduction

The shift from homogeneous to heterogeneous catalysis is
fundamental to sustainable process management and critical
for eventual industrial use [1, 2]. Immobilization can reduce
leaching of catalyst into products and enable catalyst reuse.
In addition, confinement and anchoring on supports can
mitigate aggregation or self-decay, extending catalyst life-
time. A broad toolbox now exists, especially for transition-
metal complexes, spanning physisorption, ionic binding,
covalent binding, pore encapsulation, and co-assembly e.g.,
linker integration in metal-organic frameworks (MOFs)
[3, 4]. Supports range from porous inorganic frameworks
(zeolites, MOFs) to polymer-based or magnetic beads, sil-
ica-based materials or hybrid materials [5—-10]. In porous
structures, catalysts can be immobilized by embedding them
within the pores, where steric restrictions or attractive inter-
actions ensure retention, or alternatively by tailored design
of ligands or nanoparticles that form specific interactions
with the metal nodes [11-16]. Alternatively, the ligand can
be modified to also serve in building the MOF framework
structure, thereby achieving covalent bonding. In this con-
text, particularly for ruthenium- or palladium-based com-
plexes, promising results have already been achieved, both
in terms of immobilization and yields across various reac-
tions [17-21]. Nevertheless, industrial deployment remains
limited. In part, this reflects the high cost of immobilized
catalysts, driven by the choice of support, as well as the
fact that the expected advantages have not been reliably
attained. For instance, numerous immobilized catalysts do
not deliver sufficient stability or lag activity, resulting in
metal leaching, diminished turnover numbers, and catalyst
deactivation [22, 23].

Nevertheless, MOFs have proven particularly success-
ful as supports for copper-catalyzed click reactions. Fre-
quently used systems include HKUST-1, which is built
from copper nodes, as well as zirconium-based MOFs that
immobilize copper ions within the framework [24, 25].
Here, improved performance after immobilization of cop-
per ions has often been observed [25, 26]. In these systems,
high turnover numbers and good recyclability have been
achieved, together with low leaching into the product. How-
ever, these are modifications that either exploit open metal
sites in the MOF directly as catalytic centers or introduce
additional ions to serve as catalysts. For the inclusion of
transition-metal complexes, SALI (solvent-assisted ligand
incorporation) has become the established method [27-29]:
ligands are deliberately equipped with for example carbox-
ylate groups in particularly for zirconium-based MOFs, so
that they can coordinate to the Zr nodes of the framework.
Popular ligand systems for this approach include porphyrins
and pyridine-based motifs and it will now be investigated
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whether this strategy can be extended to the bispidine scaf-
fold [30-34].

In the following, a bispidine framework will be modified
so that it can be immobilized in a MOF via SALI. Bispi-
dines are known for their rigid backbone and their highly
tunable and adaptable synthesis [35]. The bispidine frame-
work has already served as a modular scaffold for construct-
ing coordination polymers. Cametti and co-workers showed
that preorganized bispidine ligands support well-defined
one-dimensional, often helical, coordination polymer archi-
tectures with metals such as Cu(Il), Zn(II), and Hg(II),
exhibiting guest-exchange dynamics and tunable porosity
[36, 37]. The copper-bispidine complex used in this work
is known to exhibit high turnover numbers in the homoge-
neous copper-catalyzed aziridination of styrene [38, 39], but
it also suffers from the classical drawbacks of homogeneous
catalysts, i.e. separation of the catalyst from the product by
filtration through an absorbent material and thus loss of the
catalyst. To overcome these drawbacks, this work investi-
gates its immobilization via SALI within the zirconium-
based MOF NU-1000 [40, 41]. This support material was
specifically chosen as it is characterized by outstanding
thermal and chemical stability, as well as a hierarchical pore
structure. The large mesopores of NU-1000 (approx. 3.1
nm) are ideally dimensioned to accommodate the copper-
bispidine complex, while simultaneously allow free access
for substrates such as styrene [42, 43].

Materials and methods

All chemicals and reagents were purchased from ABCR,
ACROS, Sigma-Aldrich or TCI and were used without
further purification. Deuterated solvents for NMR spec-
troscopy were purchased from Deutero. Catalyses under Ar
atmosphere were carried out in a glovebox Labmaster 130
(1250/780) from MBraun. Ligand L' [44], as well as Piperi-
done P! [45] (dimethyl 4-ox0-2,6-di(pyridin-2-yl)piper-
idine-3,5-dicarboxylate) and the oxidizing agent PhINTs
were prepared as described before [46-48]. NU-1000 was
purchased from CD bioparticles. Spectra were processed
with Origin 2021b.

Mass Spectrometry (MS) experiments were carried out
on an ApexQe hybrid 9.4 T FT-ICR (Fourier Transform -
Ion Cyclotron Resonance) from Bruker. The measurements
were carried out by the Mass Spectrometry Facility at the
Department of Chemistry of Heidelberg University.

Elemental analyses (EA) were performed on a CHN-O
Vario EL by the staff of the Department of Chemistry at Hei-
delberg University.

UV/vis—NIR spectra were recorded on an Agilent 8453
spectrophotometer equipped with an USP-203-A cryostat
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from Unisoku or a Genesys 180 spectrometer from Thermo
Scientific in UV-transparent 2.5 mL macro cuvettes. A
Tecan spark plate reader with Greiner UV-STAR 96 well
plates were used to determine the loadings of NU-1000.

Scanning Electron Microscopy (SEM) measurements
with Energy Dispersive X-ray Spectroscopy were carried
out on a Tescan VEGA3.

Inductively Coupled Plasma - Optical Emission Spec-
troscopy (ICP-OES) measurements were carried out on an
Optima 8300DV from Perkin Elmer. Samples were digested
in HCI/HNO; prior to analysis.

Attenuated Total Reflection - Fourier Transform Infrared
Spectroscopy (ATR-FTIR) measurements were carried out
using a Bruker Optics Tensor 27 spectrometer with room
temperature deuterated triglycinesulfate (RT-DTGS) detec-
tor and a Bruker Optics Platinum® ATR accessory (diamond
crystal with one reflection) has been applied (Bruker Optics,
Ettlingen, Germany). All spectra were recorded at room
temperature using the software Bruker OPUS 7.8.

Electrochemical measurements were performed on a
660D Electrochemical Workstation from CH Instruments
with a three-electrode setup consisting of a glassy carbon
working electrode (PFCE 3), a Pt wire counter electrode,
and an Ag/AgNO, reference electrode (0.01 M Ag™, 0.1 M
(BuyN)"(PF4)” in MeCN) for organic solvents and an Ag/
AgCl reference electrode (3 M NaCl in H,O) for water. The
solutions were purged with Ar and measurements were car-
ried out under Ar atmosphere. Potentials are reported with
respect to fc/fc” for organic solvents and with respect to
[F e(CN)G]H 4~ for water.

X-ray crystallography was performed on a Bruker D8
Venture diffractometer (see SI for details). Plots of the
crystal structures were created using Olex2 [49]. Crystallo-
graphic data for the structures reported have been deposited
with the Cambridge Crystallographic Data Centre with the
deposition numbers 2513653 (for [(L")Cu''(SO,)]), 2513655
(for [(LHCu"(OAC)](0AC), 2513652 (for ([(L')Cu'(NO,)]
(NO,)), 2513654 (for [(L")Cu'(MeCN)](C10,),), 2513651
(for L?) and 2513650 (for [(L?)Cu(L?)](OTf)). The anion
structure of [(L))Cu''((MeCN)](ClO,), is severely disor-
dered and treated with split positions. This results in a high
R;,» and therefore the overall structure should be interpreted
with caution.

Nuclear Magnetic Resonance (NMR) spectra were
recorded at 200 MHz ('H) on an Avance I or at 600 MHz
(*H) and 151 MHz (**C) on an Avance III instrument from
Bruker with the solvent as internal reference.

Powder X-Ray Diffraction (PXRD) measurements were
carried out on a Bruker D8 A25 diffractometer equipped with
a position-sensitive detector (PSD) Lynxeye in 0-0 geom-
etry, variable divergence slit, an automatic knife-edge, and
2.3° Soller-slit on both sides. The PXRD data was acquired

over a 20 range of 1.5—-41.5° 20, with 1 s per 0.011° 20-step.
The sample was rotated with 10 rounds per minute. Data
assessment was carried out using Bruker’s EVA 15.0 evalu-
ation program and determination of cell parameters [50] and
occupancies of Cu by TOPAS V6 [51].

High Performance Liquid Chromatography (HPLC)
measurements for determination of the yield of the aziridi-
nation reaction were performed on a Hitachi HPLC Chro-
master with a diode array detector. A Phenomenex® Gemini
3u C18 column was used and kept at 35 °C for analysis. The
total flow rate was 0.6 mL/min, with an applied MeCN/H,O
gradient. The injection volume was 10 pL. The absorbance
measurement of styrene was performed at A=210 nm, and
for 2-phenyl-1-tosylaziridine at A=227 nm (internal refer-
ence value 380 nm).

Standard procedures
More detailed procedures are given in the SI.
Direct immobilization in NU-1000

Two aqueous stock solutions of [(L?)Cu''(H,0)]>* (24.61
mM and 9.66 mM) were acidified to pH 2 with concentrated
HCI and sonicated until the complex was completely dis-
solved. Aliquots of these stocks and H-O (pH 2) were added
to pre-weighed NU-1000 to obtain the desired initial com-
plex concentrations (see SI Table S 3). Suspensions were
shaken at 65 °C for 24 h. After centrifugation supernatants
were analyzed by UV/vis spectroscopy at 256 nm (Tecan
Spark). The solids were washed twice with 1.000 mL ultra-
pure H20 and dried under vacuum.

Stability test

To assess the stability under aziridination-like conditions,
NU-1000 immobilisates were incubated with 1.000 mL ace-
tonitrile at 25 °C for 24 h in a thermoshaker. The copper con-
centration in the supernatant was determined by ICP-OES.
Four washing cycles were performed for each immobilisate.

Aziridination reactions

Homogeneous catalyses under argon were performed in a
glove box using a 1.5 ml vial charged with 20 eq PhINTs
(10 to 25 mg) and 100 eq styrene (10 to 40 pl). The reaction
was started by adding a 5 mM solution of the copper com-
plex (1 eq), dissolved in dry, absolute acetonitrile. The reac-
tion duration was obtained through the poor solubility of the
oxidant in MeCN, the moment the solution becomes clear
is equal to the end of the reaction. For the determination of
the catalytic yields, the reactions were stirred for 18 to 24
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h in total, but at least until a clear solution was obtained.
After removal from the glovebox, the mixture was filtered
through a short silica pipette column, washed with ethyl
acetate, and the filtrate was concentrated under reduced
pressure. Yields were determined by "H NMR spectroscopy
with 1,3,5-trimethoxybenzene (8 to 20 mg — exact amount
was noted) as internal standard [39]. All experiments were
performed twice (if a deviation of max 5% was obtained,
else the experiments were repeated a third time).

Homogeneous catalyses under air were performed anal-
ogously to the argon experiments, but in 1.5 mL reaction
tubes on a thermoshaker (=18 h, 750 rpm, 25 °C). Owing
to oxygen-induced side reactions, mixtures did not fully
clarify; suspensions were therefore centrifuged, and the
supernatants were diluted (1:100 — 1:1000 in MeCN/H20)
for HPLC analysis. All experiments were performed in
triplicate.

Syntheses

L% The synthesis of L?> was adapted from previously
reported syntheses [39]. A detailed synthesis procedure and
the characterization are provided in the SI (Figure S 1 —S 2).

General synthesis of the copper(ll) complexes. The cor-
responding ligand and an equimolar amount of the used
copper(Il) salt were dissolved in MeCN or MeOH to obtain
an intense blue 0.5 to 2 mM solution. The mixture was
stirred for 30 min at rt for complete complexation. The com-
plexes were obtained by ether diffusion as blue crystals in
almost quantitative yields (90 to 98%).

[ Cu(MeCN)](CIO,),. EA (C,H,,CuCL,N,O; x
H,0) [%], calc: C, 37.49; H, 3.74; N, 7.95; found: C, 37.36;
H, 3.94; N, 8.18. ESI-MS (pos., MeCN) m/z: 586.0526
(100%) [(LHCu" + C10,]" (calc: 586.0522).

[(L)Cu'(NO)](NO,). EA (Cp,H,,CuNO,,x0.5 H,0)
[%], calc: C, 42.55; H, 4.06; N, 13.53; found: C, 42.70;
H, 4.28; N, 13.48. ESI-MS (pos., MeCN) m/z: 522.0729
(100%) [(LHCu' + CI]" (calc: 522.0731), 540.0836 (32%)
[(LYCu' + C1+H,0]" (calc: 540.0837). m/z: 549.0921 (3%)
[(LHCu" + NO,]" (calc: 549.0915), 567.1026 (0.4%) [(L")
Cu'' + NO;+H,0]" (calc: 567.1027).

[(L)Cu(CD](C). EA (Cy,Hp,CuCLN,O5 % 2 H,0) [%],
calc: C, 44.42; H, 4.74; N, 9.42; found: C, 43.87; H, 4.50;
N, 9.57. ESI-MS (pos., MeCN) m/z: 522.0729 (55%) [(L")
Cull + CIJ* (calc: 522.0731), 540.0836 (100%) [(L)Cu' +
CI+H,0]" (calc: 540.0837).

[[(L)Cu""(0Ac)](0Ac). EA (CpgH;CuN,Ogx3 H,0)
[%], calc: C, 47.31; H, 5.50; N, 8.49; found: C, 47.25; H,
5.44; N, 8.50. ESI-MS (pos., MeCN) m/z: 546.1174 (100%)
[(LYCu + OAc]" (calc: 546.1170).

[[(L)Cu"(SO,)]. EA (Cy,H,,CuN,O,S xMeCN x 2 H,0)
[%], calc: C, 43.60; H, 4.73; N, 10.59; found: C43.39; H,
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4.61;N,10.06. ESI-MS (pos., MeOH) m/z: 536.1333 (100%)
[(LYHCu'+ OH+MeOH]" (calc: 536.1327), 624.0569 (12%)
[(LHCu" + SO, +H,0+Na]" (calc: 624.0563).

[[(L*)Cu" (MeOH)](OT)),. EA (Cy7H3;CuFN5O S, % 3
MeOH) [%], calc: C, 36.14; H, 4.16; N, 7.81; found:
C, 36.63; H, 4.35; N, 8.13. ESI-MS (pos., MeOH) m/z:
550.1486 (79%) [(L*)Cul + OMe+H,0]" (calc: 550.1483),
668.0824 (100%) [(L?)Cu" + OTf+H,0]" (calc: 668.0820).

Results

The copper bispidine complex L' (see Fig. 1) is character-
ized by its high yield and turnover frequency in the homoge-
neous aziridination of styrene. To develop a heterogeneous
version of this catalyst, SALI will be employed to attach the
copper complex to the Zr,O nodes in NU-1000. To enable
anchoring, the methyl ester groups on the bispidine back-
bone need to be hydrolyzed to the corresponding carbox-
ylic acids, thereby providing the necessary functionality for
coordination to the zirconium nodes. For this purpose, L?
was synthesized based on a literature-known synthesis [39].
Briefly, ligand L! was first treated with NaBH. overnight to
reduce the ketone at C° of the backbone to the correspond-
ing alcohol (see Fig. 2). This prevents retro-Mannich reac-
tion and makes the backbone robust against extreme pH
values, needed for saponification in the following reaction
step as well as in later immobilization steps on the support
material. Subsequently, the methyl esters of the side groups
were saponified with NaOH to obtain the desired carboxylic
acids for binding to the zirconium nodes. L? was obtained
with a yield of 65%.

The ligand was then complexed with Cu(OTf). to afford
the copper complex. Crystals suitable for single-crystal
X-ray diffraction were obtained for both the free ligand
and the copper complex from MeOH/water over several
months. The crystal structure of the complex is shown in
Fig. 3. Intermolecular coordination of the ligand’s carboxyl-
ate groups to a neighboring copper center is observed. This
behavior may have been promoted by the prolonged crys-
tallization period and repeated solvent exchange to induce
crystal growth. However, a similar motif is also observed
for the ligand, where the carboxylate groups coordinate to
sodium cations (SI Figure S 3). Both ligand and complex
exhibit a pronounced tendency to form chain-like assem-
blies, which strongly affects their solubility, particularly in
organic solvents.

In addition to the triflate complex, a series of [(L')
Cu'(X)]™" complexes was prepared with different counter-
ions (OAc™, SO,*",NO; ", ClO, and CI"). MOFs often retain
salts from synthesis, take up additional ions during immo-
bilization, or require specific buffers for immobilization
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protocols. However, it is known that counterions influence
copper-catalyzed aziridination [47, 52]. This series was
therefore designed to probe the influence of counterions on
the aziridination reaction. Single crystals suitable for X-ray
analysis could be obtained by ether diffusion from MeCN
or MeOH. The key structural parameters of the synthesized
complexes are summarized in Table 1 (full crystallographic
data and structures are provided in the SI). All crystal struc-
tures show the expected pseudo tetragonal geometry. The
structural data show that coordinating counterions indeed
affect the complex geometry. In particular, the elongated
axis of the complex changes. While in the presence of
coordinated acetonitrile the N3-Cu-X axis is elongated (for
OTf and ClO,"), complexes with coordinating counterions
show elongation of the N7-Cu axis, i.e., along the position
that does not bear the negative charge of the counterion (in
[(L?)Cu'(L?)]", the counterion is a deprotonated ligand L?).
This behavior is consistent with the expected pseudo Jahn-
Teller-type distortion of Cu(Il) centers, which is redistrib-
uted depending on the donor strength and position of the
respected counterion or co-ligand.

After the solid-state structures of the complexes had been
examined, the structures of the complexes in solution were
investigated. All measured values are listed in Table 2 and
spectra are shown in the SI Figures S 10 - S 12. Bispidine-
Cu(Il) complexes have an unpaired electron in the d,, ,,
orbital and show a d-d transition from the dm orbitals at
around 620 — 650 nm in MeCN [39]. This transition was
likewise observed for the complexes with triflate, nitrate,
and perchlorate counterions. The UV/vis-NIR spectra of all
other complexes could not be examined in MeCN due to
their low solubility. From published Cu'" studies with bis-
pidine complexes, it is known that the complexes in solution
have structures that are very similar to those in crystals, with
one difference: a solvent molecule replaces the co-ligand in
the solid state [54, 55]. In MeCN, however, this seems to
apply only to the weaker coordinating counterions, while
the stronger coordinating counterions contribute to the
insolubility of the complexes. Therefore, the complexes
were remeasured in MeOH. Here, too, a band around 600
— 650 nm is visible, as well as a shoulder at around 700 nm
in some of the spectra. In MeOH, the ligand field is slightly
altered compared to MeCN, either due to effects of the sec-
ondary coordination sphere or to the coordination of metha-
nol, methanolate, or water. Since Cu(II) complexes with an
elongated octahedral or square-pyramidal geometry exhibit
more than one formally spin-allowed but Laporte-forbidden
d-d transition, this change in ligand field leads to a clearer
separation of these transitions. As a result, in MeOH a sec-
ond band appears at lower energy (ca. 700 nm) in addition to
the main band around 600 — 652 nm, reflecting the modified
splitting pattern of the d orbitals under these conditions [56,

57]. The complex [(L2)CuH(H20)]2+ dissolves only poorly
in MeOH and MeCN due to its carboxylic acid groups;
measurements were therefore carried out in water. As with
the MeOH measurements on the other complexes, the UV/
vis-NIR spectrum shows a broad band around 600 nm with
a shoulder. This likewise suggests coordination of a solvent-
derived ligand at the copper center, i.e., H-O/HO™ in water
(and MeOH/MeO™ in MeOH) or changes in the secondary
coordination sphere.

In addition to the UV/vis-NIR data, the redox potentials
of the complexes were determined (see SI Figures S 6 - S
9). This parameter is expected to play an important role in
aziridination, alongside reversible deprotonation (in the
present system), and steric effects [58]. Where possible, the
redox potentials were measured in both MeCN and MeOH.
The complex with L! is known to exhibit a relatively posi-
tive redox potential of approximately —400 mV vs. fc/fc” in
MeCN compared to other tetradentate bispidine complexes,
which show potentials around — 500 mV in MeCN [39]. The
measurements in MeCN clearly differentiate cases in which
the solvent is coordinated from those in which a negatively
charged counterion is bound, the latter leading to a shift
toward more negative potentials. In MeOH, the potentials
are comparatively similar, consistent with OH/MeO™ coor-
dination in cases where the counterion is not coordinated, as
also indicated by the UV/vis-NIR data.

Homogeneous aziridination of styrene

In addition to the characterization of the copper complexes,
the catalytic performance of the complexes with L! bearing
different counterions, as well as the complex with L%, was
evaluated in the homogeneous aziridination of styrene. The
reactions were carried out both under argon and under air.
Catalytic aziridination proceeds via an active Cu(I) species,
so that part of the PhINTs ((N-(p-toluenesulfonyl)imino)
phenyliodinane) added to the reaction is required to reduce
Cu(Il) to Cu(I) to generate the catalytically active species
(see Fig. 4). Under air, molecular oxygen can reoxidize the
active Cu(I) species to catalytically inactive Cu(Il), leading
to additional, unproductive consumption of PhINTs. Con-
sequently, a lower aziridination yield is expected under air
compared to reactions carried out under inert gas [59]. The
results of the catalytic experiments are summarized in Table
3.

The results under argon show yields between 57% and
68%, with two notable outliers. [(L")Cu"(MeCN)](OTf),
gives the highest yield (82%), while [(L")Cu'{(C1)]CI shows
the lowest yield (37%). This deviation in yield can be attrib-
uted to the counterions used as described by Rodriguez et
al., who have shown that halides can influence the reac-
tion mechanism of copper-catalyzed aziridinations. When a
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halide is coordinated to the copper center, the rate-determin-
ing step shifts from the formation of the copper-nitrene spe-
cies to the formation of the C-N bond (see Fig. 4 for reaction
mechanism) [60]. Furthermore, Evans et al., among others,
observed similarly reduced yields when using halide coun-
terions (Cl-, Br") compared to other counterions, which is
consistent with the adverse effect of halide coordination in
copper-catalyzed aziridination reactions [47, 60, 61]. In our
experiments, complexes bearing more weakly coordinating
counterions tend to give slightly higher yields than those with
more strongly coordinating anions [62—-64]. However, with
the exception of chloride and triflate, it is difficult to assess
whether the observed differences in yield reflect a change in
the rate-limiting step of the catalytic cycle, or whether the
more strongly coordinating counterions primarily impede
formation of the nitrene species by hindering dissociation
of the co-ligand (the counterion) [46, 65]. In addition, some
of the complexes are poorly soluble in MeCN and initially
exist as a heterogeneous phase, only dissolving completely
over the course of the reaction. This is expected to primarily
affect the initial reaction rate and, under the chosen reaction
times, should have only a minor influence on the endpoint
catalytic yield. However, at longer reaction times a decrease
in yield may nonetheless be expected, as the contribution
of competing side reactions typically increases [46, 62, 65].
Under air, the results are more uniform: the yield observed
is around 50% with respect to the amount of oxidant used,
for all complexes except [(L?)Cu"(MeCN)](OTf),. This can
be attributed to two effects. First, the samples are exposed
to oxygen, which can remove the active Cu(I) species from
the catalytic cycle through reoxidation, as described before,
thereby reducing the potential yield. Second, working with-
out inert gas allows water to penetrate the samples, which
can lead to the formation of aqua or hydroxy complexes.
This is supported by the spectroscopic and electrochemical
characterization, and reduces the influence of the counter-
ions, leading to more uniform behavior. The drastic drop in
yield for [(L*)Cu((MeCN)](OT), can be explained as fol-
lows: as mentioned above, the complex is poorly soluble in
MeCN, the solvent used for the catalytic reactions. Conse-
quently, the catalyst concentration at the start of the reaction
is very low and only increases slowly over the course of the
reaction.This is expected to slow the reaction rate substan-
tially, so that the effect of atmospheric oxygen is even more
pronounced than in the other experiments conducted in air.
In general, the reactions remain feasible under air despite
the decrease in yield caused by O.. These experiments were
small batch tests with high Oz supply (low reaction volume,
large gas-liquid interface). With the planned heterogeniza-
tion, the influence of oxygen is expected to decrease as on
the one hand, the reaction volume increases (lower surface-
to-volume ratio), and on the other hand, the access of O:
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to the active center is partially restricted by diffusion into
the support material (pores, boundary layers). In a pos-
sible subsequent continuous operation, a lower O: entry is
also typically expected, further reducing its adverse effect.
Therefore, the immobilization experiments described below
are carried out under air.

Immobilization of [(L%)Cu'(H,0)]1** in NU-1000

To enable transfer of the catalyst [(L2)CuH(H20)]2+ into
an immobilized form, it was anchored on NU-1000. The
immobilization strategy follows SALI as described in [27-
29, 66]. This exploits the terminal zirconium sites in the
NU-1000 metal nodes as well as the carboxylic acid groups
of L? (see Fig. 1).

First, a two-step immobilization strategy was pursued, in
which the ligand was immobilized on the NU-1000 support
prior to complexation with Cu'l. In this approach, ligand
uptake did not follow Langmuir-type saturation behavior
but increased continuously with rising ligand concentration,
implying that a multi-layer surface loading of NU-1000
takes place (see SI Figures S 19 and S 20). SEM images (see
SI Figures S 22 - S 24) corroborated this. The characteristic
rod-shaped NU-1000 crystals appeared agglomerated after
incubation with the ligand, suggesting that the ligand forms
the chain-like aggregates already observed in the crystal
structures and thereby blocks the MOF pores.

Therefore, direct immobilization of the preformed cop-
per complex was pursued in a second attempt. As shown
in Fig. 5, the loading of the complex on NU-1000 follows
Langmuir-type behavior (note: adsorption isotherms were
recorded as single measurements due to limited material
availability). For direct immobilization, NU-1000 was incu-
bated with [(L?)Cu'l(H,0)]*" in water at pH 2, adjusted with
concentrated HCI, at 65 °C for 24 h. The acidic conditions
were chosen because of the poor solubility of the complex
and to facilitate the displacement of residual species already
residing in the pores of NU-1000 at the zirconium nodes.
Also, concentrations higher than 15 mM could not be used,
as the solubility of the complex became limiting. To con-
textualize the loading, the theoretical monomolecular load-
ing of NU-1000 can be calculated: Immobilization of [(L)
Cu''(H,0)]*" targets coordination of the deprotonated car-
boxylate groups to the zirconium cations of the framework
[27]. Since some zirconium centers in the NU-1000 nodes
are shielded by internal linker connectivity, at most four
potential docking sites per node are available for binding
of the carboxylate groups. This leads to a theoretical maxi-
mum loading G,y meo Of 1.84 pmol/mg. The theoretical
maximum is clearly higher than the monomolecular loading
obtained from the Langmuir isotherm in Fig. 5 of q,, =
0.82 umol/mg. This corresponds to 45%. This is realistic,
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Fig. 1 Top: Used ligands in this manuscript. The atom numbering is shown in L!. The complex geometry is also shown with L', where X is either
a solvent molecule or a counterion. Bottom: Substitution of endcapping groups of a ZrsO node (e.g. formate) with carboxyl groups of [(L?)

CuH(Hzo)]2+

1. NaBH,4
overnight, -3 °C
—_—

COOMe HOOC

2. NaOH
48h, 0 °C —rt

Fig. 3 Olex2 plot of the crystal structure analysis of [(L?)Cu'{(L?)]".
Counterions, H-atoms and co-crystallized solvent molecules are omit-
ted for clarity, ellipsoids are shown at 50% probability level. Color
code: blue: N, red: O, dark blue: Cu, grey: C

as not all zirconium cations are freely accessible. Some may
be partially blocked by water or modulators in the pores or
by residual carboxylic acids that were not removed after
NU-1000 synthesis or through the washing protocol [67].

To ensure that this did not result in mere surface load-
ing, as in the immobilization of the free ligand, PXRD and
ATR-FTIR measurements were performed. For this, one
sample of untreated NU-1000 and three treated NU-1000
samples with different loadings of the copper complex were
analyzed. Samples with calculated loadings of 0.4%, 3.8%,
and 21.6% were selected. The first sample serves primar-
ily as a control to reveal changes induced by the washing
protocol, whereas the second and third samples are intended
to highlight differences with increasing complex concentra-
tion. ATR-FTIR spectra were recorded for all samples. The
resulting spectra are shown in Fig. 6 (full spectra are shown
in the SI Figures S 27 - S 30). In the OH region, a sharp band
at 3675 cm™! was observed, which was assigned to p;-OH
vibrations [68]. A pronounced difference among the spec-
tra is observed in the C—H region. The untreated NU-1000
sample exhibits a band at 2748 cm™!, attributable to the
C-H vibration of formate bound to the Zr nodes, which can
form during synthesis in DMF [69]. Additional C—H vibra-
tions of the formate ligand appear between 2800 and 3000
cm! [70]. Notably, these bands are most prominent in the
untreated NU-1000; however, even at a loading of only
0.4% they are no longer present or are markedly attenuated.
Only for the sample with a 21.6% loading a shoulder reap-
pears at 2861 cm™, indicating incomplete displacement of
formate ligands. Changes are also evident in the carbonyl
region: the peak maxima are slightly shifted relative to pris-
tine NU-1000, and the relative signal intensities are altered.

Subsequently, PXRD patterns were recorded for the same
samples (see SI Figure S 25 + S 26). The resulting lattice
parameters as well as the calculated occupancy are shown

@ Springer
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Table 1 Selected bond lengths and angles of the crystal structures of [(LYCu'(X)]"" with various counterions and [(L?)Cu'/(L?)]". Distances are

given in (A) and angles in (°)

Bond length (A)  [(LHCu(OA)T™ [(LHCu(SO)"  [(LHCUNOHT™  [(LHCu(MeCN) " [(LYHCu(CHIT53] [(LHCu'(LA)]
Cu-N3 1.985(4) 1.990(5) 1.986(3) 2.272(6) 2.007(2) 1.984 (3)
Cu-N’ 2.286(4) 2.313(5) 2.336(4) 1.964(6) 2.358(2) 2233 (3)
Cu-py 2.048(4)/2.016(4) 2.027(5)/ 2.005(3)/ 2.022(6)/ 2.013 (2)/ 2.037 3)/
2.009(6) 2.018(3) 2.024(6) 2.009(2) 2.020 (3)
Cu-X 1.940(4) 1.921(4) 1.967(4) 1.991(6) 2.228 (6) 1.933 (3)
Pyl1-Cu-py2 3.983 3.975 3.966 3.964 4.022 4.067
N3-Cu-X angle (°) 3.919 3.907 3.944 3.943 4235 3.917
N3-Cu-N7 83.53(15) 82.5(2) 83.03(12) 84.7(2) 81.25 (6) 85.40 (11)
* hydrolyzed at c® (C=0 — C(OH),)
Table 2 Absorption maxima and Complex A (nm) A (nm) E2 (mV) vs. fe/fc™ E'2
redox potentials of the various [¢ (mol 'L™Y)] [e mol 'L™Y)]  MeCN (mV) vs.
complexes in MeCN, MeOH or MeCN MeOH fo/fet
water. All measurements were MeOH
performed under inert gas with — 7yH S Tviecny 0T, 619 [131], 651 [95] 2394[39] 728
dry solvents, except the measure- 913 [32] [39]
ment of [(L1)Cu(MeCN)](OTH), N
in MeOH and measurements in [(L)Cu (OA)I(OAC) 629 [118] -864
water [(LHCu(NO;)I(NO;) 640 [107] 603 [103], -820
708 [80]
[(LHcu(s0,)] 611 [54], -484 -844
706 [51]
[(LHCu' (MeCN)](CIO,), 620 [110] 600 [78], -828
898 [23] 717 [61]
[(wheu'cnicl 617 [80], -837 -862
706 [82]
A (nm) EP‘(mV) vs.
[& (mol 'L™Y)] [Fe(CN) >4
H,0 H,0
[(L*)Cu'(H,0)](OT1), 590 [70] -633
661 [78]
Table 3 Yields and standard deviation of the various reactions in the
catalytic conversion of styrene to the corresponding aziridine (cat: ox:
PhINTs PhINTs* substrate 1:20:100, 5 mM Cu(Il) complex in MeCN) under ar and air
] PhiNTs| | Phl Complex Yield (%) Yield (%)
[cu -
A Ar Air
Ts [(LHCu(MeCN)|(OTH), 82.0+1.5[39] 492+2.6
035 (Cul (Cu"T—N [(LYYCu(OAC)](OAC) 58.6+0.3 48.6+2.1
s Oz [(LHCU(NO,)(NO,) 64.2+3.1 57.1+2.1
R.Qﬂ R [@wheu'(so,)] 67.4+0.4 52.940.0
R (7 , [(LHCu"(MeCN)(CIO,), 68.3+£7.8 52.9+1.1
Produkt Subairat [(wheu'cnict 373£17.3 53.4+0.5
[(LAHCu(MeCN)|(OTH), 57.1+£5.3 21.9+10.1
Blank 0.6+0.6[38] 74438
Ts Ts
[CuF-Ns o [Cu"—N_g
R’ Rie in Table 4. The measured unit-cell parameters fall within
\_/ the range of literature values. Goetjen et al. reported for
protonated deprotonated NU-1000, after CrCl, treatment of the ZrsO4 nodes (occu-

Fig. 4 Proposed reaction mechanism for [(L")Cu'(MeCN)]** [38]

@ Springer

pancy = 0.25), values of a=39.433 A and c = 16.256 A [71].
For bromide-functionalized nodes, values of a = 39.602 A
and ¢ = 16.440 A are reported [72], whereas the guest-free
reference shows values of a = 39.268 A and ¢ = 15.567 A
[73]. The changes observed in our datasets correspond to



Journal of Inclusion Phenomena and Macrocyclic Chemistry

0.7 4

0.0+ T T T T T T T 1
0 5 10 15 20

equilibrium concentration (mM)

Fig. 5 Loading isotherm of [(L?)Cu(H,0)]** on NU-1000 in water
(pH 2, 65 °C, 24 h). Parameter: q,,,, = 0.82+0.04 pmol/mg and K

= 0.19£0.03 L mmol™. (Fit: oy 115w X sea= 49601077

Because only a single measurement was available for each concentra-
tion level, the reported values should be interpreted with caution.)

a moderate adjustment of the unit-cell parameters, with no
symmetry breaking or significant peak splitting. However,
the occupancy calculated from the lattice parameters shows
a trend opposite to expectations. According to these param-
eters, the untreated NU-1000 sample shows the highest pore
occupancy; it gradually decreases with increasing copper
content derived from the UV/vis loadings. This correlates
with the literature data on cell parameter a, which decreases
with pore loading (e.g., Br functionalization) [9]. Addition-
ally, performed Rietveld/Le Bail refinements with different
starting models indicate that the additional copper ion is
consistently located in the mesopores; models placing cop-
per ions in the micropores are not computationally stable
and yield poorer fits.

Although the occupancy derived from the PXRD data
evaluation and the loading calculated from the UV/vis data
initially appear contradictory, a consistent picture emerges.
The sample whose UV/vis evaluation yields a loading of
21.6% shows a very low pore occupancy in PXRD; at the
same time, it is the only copper-treated sample in which
shoulders of the C—H vibrations remain visible in the ATR-
FTIR spectra, assignable to formate bound to the ZresOs
nodes. By contrast, these bands are markedly weaker or
absent in the lower-loaded samples, while the PXRD occu-
pancy is higher. Supported by (i) loading isotherms of
the sole ligand, (ii)) SEM images showing crosslinking of
NU-1000 crystals via ligand crosslinking, and (iii) crystal
structures that confirm the ligand’s propensity to crosslink,
we infer that at high complex concentration in the incuba-
tion solution a near-surface crosslinking occurs. As a result,

pore openings are partially blocked, exchange within the
MOF interior is hindered, formate cannot be displaced from
the nodes, and the pore occupancy in PXRD remains low
- while a high overall loading is achieved at the MOF sur-
face. Conversely, samples incubated at lower complex con-
centration are not subject to pronounced crosslinking. Here,
guest species such as formate can be removed by treatment
with aqueous HCI and complex. Accordingly, the ATR-
FTIR formate bands disappear, and the PXRD occupancy
increases because more species can access the pores of the
MOF. These results thus reveal a concentration-dependent
transition from predominantly intraparticle immobilization
at low complex concentrations to near-surface crosslinking
and impaired mass transport at high concentrations. Both
are unfavorable for catalysis. In the following, immobilized
samples with high surface loading are examined for their
stability, since they may still provide many directly acces-
sible active centers despite the loss of intraporous area. The
aim is to establish whether such surface loading remains sta-
ble under reaction conditions. Immobilisates with low cop-
per loading will not be investigated further. Although PXRD
analysis suggests a high loading, the loading determined by
UV/vis is very low, and since only low concentrations of
the copper complex were used, the number of active cen-
ter’s is insufficient. The apparently high loading in PXRD
is likely attributable to other guest molecules that were not
completely removed.

Stability of immobilisates

Although characterization of the immobilisate indicated
predominantly surface binding, we nevertheless performed
stability tests. To assess the stability of immobilized [(L?)
CuH(HzO)]2+ during the aziridination reaction in MeCN,
two NU-1000 immobilized sample were weighed in (direct
immobilization, 65 °C, loading q=0.64 pmol/mg and 0.59
pmol/mg), treated with 1.000 mL acetonitrile, and incubated
at T=25 °C for 24 h in a thermoshaker (see SI for detailed
work instructions and visualization of data, Figure S 21).
The copper concentration in the supernatant was then deter-
mined by ICP-OES. Four washing cycles were performed
for the immobilisates. In both samples, copper leaching
was detected and persisted through the fourth cycle, with
residual concentrations of approximately 1.5 ng/mL. In
total, more than 15% of the copper was leached over the
four washing cycles. Due to the ongoing leaching of copper
species, reliable catalysis experiments with the immobilis-
ates were not possible: the contribution of the homogeneous
reaction cannot be separated from the intrinsic activity of
the immobilisates. In addition, potential metal contamina-
tion rules out certain fields of application. For these reasons,
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Fig. 6 ATR-FTIR spectra of untreated NU-1000 (black) and loaded
samples with 0.4% (0.007 pmol/mg, red); 3.8% (0.070 pmol/mg,
blue); and 21.6% (0.397 pmol/mg, green). Shown are different spec-
tral sections: A: O-H region (3675 cm™ v (u3-OH)); B: C-H region

Table 4 Loadings determined from UV/vis measurements, together
with the lattice parameters a and c, and the corresponding occupancy
calculated from PXRD measurements

Sample  Loading  Loading (%) a(A) ¢ (A)  Occupancy
(umol/mg) PXRD
NU-1000 0 0 39.627 16.593 0.39
0.011) (0.006)
1 0.007 0.4 39.576 16.527 0.21
(0.015) (0.006)
2 0.07 3.8 39.503 16.457 0.1
(0.031) (0.013)
3 0.397 21.6 39.430 16.622 0.08

(0.010) (0.005)

we did not perform heterogeneous catalysis experiments
with the prepared immobilisates.

@ Springer

(2748 cm™, v (C-Hgymaee)); C: carbonyl vibrations. Spectra were nor-
malized to the band at 1412 cm™. For panels A and B, a baseline cor-
rection was applied by setting the absorbance at 4494 cm™ to zero

Conclusion

In this work, we have synthesized and characterized a cop-
per-bispidine complex bearing carboxylic acid groups on
the backbone. Owing to its structural features, this complex
is highly prone to crosslinking and the formation of one-
dimensional aggregates. Like many bispidine-based copper
complexes, it exhibits catalytic activity in the aziridination
of styrene. By varying the counterions of the copper com-
plex, we showed that under an inert atmosphere the nature of
the counterion has a pronounced effect on the catalytic yield.
Under air, the outcome is largely governed by oxidation of
the active Cu(I) species and the formation of aqua/hydrox-
ido complexes, which reduces the impact of the counterion.
Attempts to immobilize the complex on NU-1000 revealed
that, particularly at high complex concentrations, immobili-
zation remains largely confined to the external surface and
is accompanied by substantial crosslinking and significant
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copper leaching. As a consequence, reliable heterogeneous
catalytic tests of the resulting materials could not be carried
out. Although the present results highlight the limitations of
the current immobilization strategy, they provide promising
starting points for future work. Instead of transforming the
methyl esters on the bispidine backbone, a specific func-
tional group could be introduced for covalent anchoring,
e.g., at N7, to avoid surface crosslinking and achieve more
reliable intrapore coverage. In addition, changing the carrier
material offers new perspectives: Beads made of suitable
polymers or inorganic materials that allow stable covalent
anchoring are a promising alternative to MOFs, minimizing
leaching and increasing industrial applicability.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10847-0
26-01334-3.
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