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ABSTRACT: A modular one-pot synthesis yielding tetracoordinated-N,N,N,N-copper(I)
complexes bearing imine and diimine ligands was developed. Copper aids the condensation of a
pyridine or imidazole carbaldehyde with a biphenyl amine and even stabilizes labile ligands.
Tetradentate and bidentate ligands were formed, the latter forming homoleptic Cul, complexes.
The identity and purity of the compounds were assessed by NMR, elemental analysis and mass
spectrometry. The interconversion of different species in solution was studied by variable
temperature NMR. The complexes aim to mimic the histidine copper brace of lytic polysaccharide
monooxygenases (LPMOs) and bond lengths obtained from XAS and single crystal XRD for the

complexes were compared to reported photoreduced LPMOs.



INTRODUCTION: When it comes to tuning the selectivity of oxidations, enzymes can serve
as blueprints for catalysts.! Monooxygenases are, as specified by their name, a class of enzymes
that can add a single hydroxyl group to their substrate. Two prominent examples of this class
utilize copper as a cofactor: the particulate methane monooxygenase (pMMO) and the lytic
polysaccharide monooxygenase (LPMO). They both feature a structural motif known as histidine
brace, coordinating a copper atom.>¢ While this structural motif is the sole active site in LPMOs,
its role in pMMO is debated,® motivating the search for small molecule models for the histidine
copper brace. If the model behaves analogously in spectroscopy and catalysis, a better
understanding of the active sites of LPMOs and pMMO is attainable.

Approaches from this biomimetic angle have resulted in a variety of N-coordinated copper
complexes. Prominent examples combine aliphatic amines, amides or imines with heterocycles in
the ligand (examples in Figure 1).””° The most commonly employed heterocycles are pyridines
and imidazoles.! We herein report copper complexes with a tetra-N-coordinated copper center.
The heterocycle (either imidazole or pyridine) is connected to the biphenyl backbone through an
imine — creating a 1,4-relationship between the coordinating nitrogen atoms. Similar complexes
have either been made by ligand synthesis and subsequent metalation,!'-'* or a one-pot synthesis.!*-
16 The biphenyl moiety of the complexes introduces a versatile backbone to tune the steric and
electronic attributes of the system by established methods of organic chemistry. Notably, it
introduces a possible anchor point for immobilization without strongly restraining the coordination

geometry, as opposed to e.g. diamines on the same aromatic ring.
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Figure 1. The histidine brace motif: The top row shows the histidine copper brace in two
photoreduced fungal LPMOs: BaAA10A (PDB-code: 2YOX; AA10 enzymes were previously
referred to as CBM33), reported by Hemsworth et al., EfaAA10A (PDB-code: 4ALT), reported
by Gudmundsson et al., and their schematic representation.’!” Below, a selection of the many

mimics of the active site in different oxidation states.”18:1°

Biomimetic complexes reported in literature have been reported as either copper(I) or copper(Il)
compounds, the latter being more common. The characterization of copper(Il) complexes relies
heavily on crystallization, as single crystal XRD often provides the strongest support for their

structure. Studying the complex in its copper(l) state allows to observe it by NMR in solution,



given that oxidation is prevented. By working in rigorously oxygen free surrounding, we were able
to characterize the complexes and study their stability over time.

RESULTS: The apparent approach to obtain target 1 was to synthesize the ligand and
subsequently metalate it with a copper(I) salt. Initially, it was attempted to synthesize the
tetradentate ligand for 1 by acid-catalyzed condensation of 1H-imidazole-4-carbaldehyde with
dimethyl 2,2’-diaminobiphenyl-4,4’-dicarboxylate under reflux, which showed incomplete
conversion. Subsequent work-up attempts failed due to the lability of the diimine during
chromatography, even with a basic eluent. In an effort to stabilize the diimine, condensation and
metalation were attempted in one step (see Scheme 1), providing complex 1. The synthesis is an
overnight reaction at ambient temperature in acetonitrile. The minimalistic work-up consists of

filtration of the solid product and a washing step.
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Scheme 1. Synthesis of 1.

Copper complex 1 was isolated in good yields and high purity. The complex was characterized
by NMR, HRMS and elemental analysis. The '"H NMR spectrum of 1 shows six resonances in the
aromatic region, each integrating for two protons. Additionally, there is one resonance at
13.35 ppm (imidazole NH, two protons) and one at 3.83 ppm (methyl group, six protons). The
spectrum is bare of the aldehyde and NH, resonances found in the starting materials — instead, a

resonance consistent with an imine was observed (8.31 ppm), correlating to a carbon resonance at
4



154.5 ppm in an HSQC experiment. The copper(Il) complex corresponding to 1 was synthesized
from Cu(OTf),. The complex was characterized by elemental analysis, UV/Vis and HRMS (see
SI, compound 1b). It showed an absorbance band at 670 nm (103.97 L-mol-'cm™), comparable to
literature reports of similar Cu(Il) complexes.!® Due to its paramagnetic nature, complex 1b has
extremely broadened peaks that merge into the baseline in 'H NMR. Ascorbic acid is commonly
employed as a reductant for LPMOs.?* Complex 1b was reduced to complex 1 with ascorbic acid
in an NMR experiment, showing that the synthesis yields the same ligand regardless of the
oxidation state of the copper salt (Figure S7).

The synthesis method depicted in Scheme 1 was extended to five more copper(I) complexes (2-

6) (Figure 2).
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Figure 2. Synthesized copper(I) complexes. A: Complexes of the type ML bear tetradentate

ligands. B: Homoleptic ML, complexes with bidentate ligands.



For all of them, MS showed an m/z consistent with the complex cation charged +1. The complexes
were isolated in high purities (demonstrated by elemental analysis) and in fair to good yields.
Except for compound 3, all compounds could be studied well by NMR. The NMR studies were
conducted in flame-sealed tubes. As described earlier for 1, the imine resonance is easily identified
with the HSQC experiment. With further 2D NMR analysis, it was possible to assign proton and
carbon signals for complexes 1, 2 and 4-6. The resulting tetracoordinated complexes can be
divided into two groups. The first group (1, 3 and S, Figure 2A) is of the type ML, where L is a
tetradentate ligand. The other group (Figure 2B) consists of complexes 2, 4 and 6. Starting from
2-aminobiphenyls, the formation of ML, (L is a bidentate ligand) complexes was consistently
observed by NMR, MS and elemental analysis. For compound 2 and 4, single crystal structures
showed the coordination of two bidentate ligands (Figure 6, Figure S34). The counterion does not
coordinate, but for 2 a hydrogen bond to the imidazole-NH was noted. It was found that homoleptic
complexes were favored regardless of the equivalents used (one or two equivalents of aldehyde
and 2-aminobiphenyl relative to the copper salt). The preferential formation of ML, complexes has
been reported before for bi- and tridentate ligands that coordinate through nitrogen to copper(I).>!*2
For the NMR studies of both groups of complexes, the solvent choice affected not only the
broadness and shift of the resonances in NMR spectroscopy but also the complexes’ stability in
solution. DMSO dissolves all complexes, while the solubility in acetonitrile is limited. The ML,

complexes are generally more soluble than the ML complexes.
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Figure 3. Aromatic region of the 'H NMR spectra (600 MHz, 295 K) of the copper(I) complexes

synthesized in this work.

The NMR spectrum of 1 shows a narrow peak-width, comparable to organic molecules (Figure 3,
top spectrum). In d,-DMSO, 4 had an equally narrow peak-width, but a secondary, minor species
was observed. Changing the solvent to acetonitrile resulted in pronounced changes in the NMR
spectrum, as discussed for the variable temperature experiment for 4 below. Compound 5’s 'H
NMR resonances were broader in de-DMSO (Figure S26) than in acetonitrile. Compound 2 is less
stable in DMSO than in acetonitrile. The peak broadness of compounds 2, 3, 5 and 6 in 'H NMR
masks smaller couplings. Possible explanations for the broadening in the spectra are rapid changes
in ligation and/or conformation. The ligation change might occur for example through coordination

of the solvent or intermolecular ligand exchange. Both NMR solvents employed in this study,
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acetonitrile and DMSO, are coordinating solvents. We observed that complexes with considerable
line broadening decomposed during NMR analysis. A sealed NMR sample of 1 remained
unchanged even after months, while 2,4, 5, and 6 partially decomposed into the starting materials
during longer NMR experiments. A juxtaposition of the 'H NMR spectra of the complexes after
prolonged NMR experiments and the amines they were synthesized from shows good agreement
between the decomposition peaks and the amine for all four complexes (Figure S33). In
combination with the simultaneous rise of an aldehyde peak, it is evident that the decomposition
can be attributed to hydrolysis of the imine bond. The imine is more prone to hydrolysis in the free
ligand than in the coordinated ligand, as seen during synthesis. It seems likely that the ML,-type
complexes 2,4 and 6 are in equilibrium with an ML complex and the free ligand (exemplified for
2 in Figure 4). This is supported by the observation of all three species (ML,, ML and free ligand)

in the mass spectra of these complexes (see SI).
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Figure 4. Equilibrium of ML, complex 2 with the free ligand and the resulting ML complex. The

ML complex might have solvent molecules as additional ligands.

The comparable broadening and decomposition that were observed for § are more difficult to

rationalize, as a tetradentate ligand is expected to have a stronger coordination. The methyl ester



groups are the only structural difference between 1 and S — despite being rather remote from the
coordination center, they seem to strongly affect the solution behavior and stability of the copper
complex.

The '"H NMR spectra of 3 and 4 in de-DMSO show multiple species (Figure 3), while elemental
analysis and MS measurements were consistent with the structures in Figure 2. This discrepancy
prompted us to investigate the 'H NMR of 4 at various temperatures (Figure 5). To lower the

temperature without freezing the sample, the experiment was conducted in acetonitrile.
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Figure 5. A: Aromatic region of the 'H NMR spectra of 4 at different temperatures (CD;CN,
500 MHz). Stars indicate decomposition at higher temperatures. Grey boxes indicate some of the
areas where the minor species is observable at low temperatures. B: The rightmost box is displayed

with higher intensities for all spectra to improve visibility of the additional peaks.

The change in solvent altered the appearance of 4 at room temperature: Instead of multiple species,
a single species with broadened peaks was observed (Figure 5 A, 25 °C). The sample was cooled
down to -25 °C in increments of 10 °C. This resulted in narrower peaks and the evolution of

additional peaks (boxes in Figure 5), similar to the room temperature measurement in de-DMSO.
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A NOESY experiment at the lowest temperature (-25 °C) revealed chemical exchanges between
these new peaks and the major ones (see S21 and S22). These processes, which we were not able
to identify unambiguously, were reversible: the temperature was increased step-wise to ambient
temperature, and the spectra acquired were identical to those during the cool-down process.
Elevating the temperature above room temperature also led to peak narrowing. However, minor
signs of decomposition were observed (stars in Figure 5). The decomposition peaks persisted
when the temperature was lowered back to room temperature. Otherwise, the spectrum regained
its initial appearance. The line broadening of complexes 2, 4, 5, 6 being accompanied by
decomposition hints towards intermolecular ligand exchange as one possible underlying
mechanism. Ligand exchange is well studied for heteroleptic copper complexes, as it causes the
disproportionation of heteroleptic photosensitizers into less active homoleptic complexes.?*?* For
homoleptic complexes, the process creates no net-change, as the product is equivalent to the
complex before exchange. However, if the ligand exchange takes place via the free ligand it may
open a possible pathway for decomposition (as discussed above). Decomposition was not observed
in solids stored under an inert atmosphere for over a year.

It was possible to obtain crystals suitable for single crystal XRD analysis by recrystallizing 4 from
MeCN/toluene (Figure 6). The tetracoordinated environment surrounding copper is an
intermediate geometry between square-planar and tetrahedral, as determined by the structure’s
T4 -value (t4°=0.50). T4’ is a geometry index for tetracoordinated complexes that adapts values
between O (square planar) and 1 (tetrahedral) 226 The imine-N-copper bonds (N1a-Cu: 2.085(2) A;
N1b-Cu: 2.054(2) A) are longer than the pyridine-N-copper bonds (N2a-Cu: 2.021(2) A; N2b-Cu:

2.028(2) A).
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Figure 6: ORTEP-plot of 4 (ellipsoids at 50 % probability). The asymmetric unit contains the
complex cation, the non-coordinating anion and a solvent molecule (toluene). Hydrogen atoms are
omitted and parts of the structure are represented as sticks for clarity. Selected bond lengths:

(Cu-Nla: 2.085(2) A; Cu-N1b: 2.054(2) A; Cu-N2a: 2.021(2) A; Cu-N2b: 2.028(2) A).

The crystal structure of 4 shows surprisingly large differences between the two ligands (despite
their identical connectivity). For one, the bond lengths to copper differ not only between the type
of nitrogen but also between the two ligands, creating an asymmetric environment around copper
(see Figure 6, right side). The asymmetry is even clearer when comparing the dihedral angles
between the imine and the adjacent phenyl ring, which were measured to be 27.109(9) © (C5a-C6a-
Nla-C7a) and 42.755(9) ° (C5b-C6b-N1b-C7b) respectively. This type of discrimination between
the two ligands should integrate 1:1 in '"H NMR or show an averaged peak. However, the variable
temperature NMR experiment discussed above does not support this hypothesis, as a major and

one or more minor species were observed. It is therefore likely that the observed conformation in
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single crystal XRD is a property of its solid state and does not necessarily represent the
conformation in solution.

XAS spectra of complexes 1 and 2 were collected (measured neat in a capillary). They were very
similar to each other (see SI), pointing to an alike coordination surrounding copper. Both spectra
indicated the presence of a light atom at around 1.9 A (1.94(2) Aforl, 1.92(6) A for 2). The data
were not consistent with four nitrogen atoms in the first shell. We presume that copper binds tighter
to imidazole at the expense of the copper-imine bonds — resulting in a lower coordination number
in the first shell. This hypothesis is supported by a preliminary single crystal XRD structure of
compound 2. The bond lengths between the coordinating nitrogens and copper are listed in

Table 1.

Hemsworth et al. and Gudmundsson et al. have presented structural data for non-fungal LPMOs
(AA10) in their photoreduced copper(l) state (see Figure 1).>!7 As the oxidation state influences
coordination number, coordination geometry and bond lengths of the active center, we focus our
comparative analysis on these structures. Despite variation between the two structures (the bond
lengths in Ba-CBM33 seem to be longer in general), it appears that the amino—copper bond is
about 0.3 A longer than the imidazole-nitrogen—copper bond. A major difference between the
enzyme’s active site and the herein presented mimics is the absence of a coordinating amine.

Instead, two imines coordinate to the copper center.

Table 1. Bond lengths in single crystal XRD studies of photoreduced AA10 LPMO active sites

and two of the Cu(I) complexes presented in this work.

Bond Length of Copper to N-| Bond Length of Copper to
Heterocycle Amine/ Imine

12



EfaCBM33A" 191 A (Ne), 1.94 A (N§) 2.19 A

Ba-CBM33 201 A (Ne), 1.98 A (N9) 231A
2 1.93A:1.92A 232A; 221A
4 203A,202A 209A,205A

* The asymmetric unit contains two complexes.

The pyridine based structure 4 does not represent the bond lengths in the enzyme very well, as all
four bond lengths are between 2.0 and 2.1 A. Structures based on imidazole should be better
mimics, as histidine itself is an imidazole derivative. The XAS data indicates that there is indeed
a coordinating atom to be found at a distance comparable to the imidazole-copper bond-length in
the copper(l) LPMO structures. Further analysis is needed to conclude if an imine can be a
surrogate for an amine group in this context.

CONCLUSION AND FUTURE OUTLOOK: The modular approach of the protocol allowed
synthesizing the desired N-coordinated copper complexes. The one-pot synthesis avoids time-
consuming work-ups and stabilizes the imine ligand. All complexes we present have a biphenyl
backbone, on which some bear two linearly arranged ester groups. After the esters’ hydrolysis,
these complexes can function as linkers in a MOF, e.g. UiO-67. This possible immobilization
paves the way for applications beyond modelling the enzyme, such as heterogeneous catalysis.
Neither ligand nor complex can be expected to withstand the harsh conditions of MOF synthesis.
Therefore, compatibility with protocols for post-synthetic linker modification is crucial for the
intended immobilization in a MOF. To the best of our knowledge, the herein presented synthesis

conditions can be tolerated by UiO-67.
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Future work will test if the biomimicry of these complexes extends to their reactivity. It is of
interest how they react towards oxygen. We further want to investigate whether they oxidize C-H
bonds and if they do so selectively.

EXPERIMENTAL: All syntheses involving Cu(l) species were carried out in an Ar-filled
UNIlab pro glovebox from MBraun. All solvents used were degassed with the freeze-pump-thaw
technique (3 cycles). CuOTf, CuOTf,, the respective aldehydes, biphenyl-2,2’-diamine and
biphenyl-2-amine were purchased from commercial sources and used as received. Dimethyl 2-
aminobiphenyl-4 4’-dicarboxylate and dimethyl 2,2’-diaminobiphenyl-4,4’-dicarboxylate were
synthesized according to literature.?”-8

MS (ESI) was recorded on a Bruker maXis II ETD spectrometer by Principal Engineer Osamu
Sekiguchi. UV/Vis measurements were performed on a Specord 200 Plus instrument. Elemental
analysis was performed by Mikroanalytisches Laboratorium Kolbe, Oberhausen, Germany. Single
crystal diffraction data were acquired on a Bruker D8 Venture equipped with a Photon 100
detector, and using Mo Ka radiation (A = 0.71073 A) from an Incoatec iuS microsource. Data
reduction was performed with the Bruker Apex3 Suite, the structures were solved with ShelXT
and refined with ShelXL.?*3° Olex2 was used as the user interface.’! The cif files were edited with

enClIFer v. 1.4.32 and molecular graphics were produced with Diamond v. 4.6.2.
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General procedure:

[Group A: The diamine (100 mg), CuOTT (1 equiv.) and the respective aldehyde (2 equiv). were
stirred overnight in acetonitrile (2 mL).][Group B: The amine (100 mg), CuOTf (1/2 equiv.) and
the respective aldehyde (1 equiv.) were stirred overnight in acetonitrile (2 mL).] If necessary, the
product was precipitated by addition of Et,O. The solids were collected through filtration and
washed with acetonitrile/diethyl ether (depending on solubility). The solid was dried under

vacuum.
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