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Copper-oxygen intermediates play an important role in nature as
active species of many copper-containing enzymes. However,
copper-oxygen intermediates have a key function not only in
nature, but also in industry, for example as catalysts. Herein a
study on a dinuclear copper complex is presented based on
the literature known ligand BPMPD. This ligand combines
features of the previously investigated systems (octadentate
N-donor, like the MO8 system and pyridine donors, like the
bdpdz system). Oxygenation of the Cu(l)-complex with O, at

1. Introduction

Cu,0, cores mediate a number of essential processes in nature,
such as oxygen transport in mollusks and arthropods (hemocyanin)
or the oxygenation of phenols for the synthesis of the biopolymer

A. Stiiber, R. Jurgeleit, K. Berger, C. Ndther, F. Tuczek
Institute of Inorganic Chemistry
Christian-Albrechts-University of Kiel
Max-Eyth-Strae 2, 24118 Kiel, Germany

E-mail: ftuczek@ac.uni-kiel.de

B. Grimm-Lebsanft, S. Buchenau, M. Riibhausen
Institut fiir Nanostruktur- und Festkérperphysik
Center for Free Electron Laser Science (CFEL)
Universitdt Hamburg

Luruper Chaussee 149, 22761 Hamburg, Germany
E-mail: mruebhau@physnet.uni-hamburg.de

L. Senft, I. lvanovi¢-Burmazovi¢

Department Chemie

Ludwig-Maximilians-Universitct Miinchen

Butenandtstrasse 5-13, Haus D, 81377 Miinchen, Germany

M. A. Naumova

DESY, Deutsches Elektronen-Synchrotron (DESY)

Notkestrasse 85, 22607 Hamburg, Germany

E-mail: maria.naumova@desy.de

Supporting information for this article is available on the WWW under https://
doi.org/10.1002/ejic.202500286

© 2025 The Author(s). European Journal of Inorganic Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

n

Eur. J. Inorg. Chem. 2025, 28, e202500286 (1 of 10)

low temperature leads to the formation of a u-1,2-peroxo
intermediate (Cu,0,), which is characterized with UV/Vis-, rRaman-
and X-ray absorption spectroscopy (XAS), as well as by cryo-
UHR-electrospray ionization mass spectrometry. The Cu,0, species
can be reversibly converted into a x-1,1-hydroperoxo intermediate
(Cu,O0H) by a reaction with lutidinium triflate and 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU), which can be monitored by UV/Vis
and XAS. Furthermore, the reactivity of the Cu,O, species toward
dihydroanthracene is investigated.

melanin (tyrosinase) via a u-#*#*-peroxodicopper(ll) complex.!'=
Cu,0 intermediates, on the contrary, play a role in the oxygen-
ation of hydrocarbons, such as in the zeolite Cu-ZSM-5 which can
convert methane to methanol after activation with 0,.°7! There
are numerous examples of copper complexes serving as catalysts
for the oxidation of hydrocarbons,® alcohols,” phenols,"” cate-
chols™ and other organic substrates in homogeneous solution
via Cu,0, intermediates." In 2021, we published a study about
copper complexes supported by the hexadentate pyridazine- and
phthalazine-based ligands bdpdz!® and bdptz,* respectively,
in which a mixed-valent Cu(l),Cu(ll), us-peroxo species is formed
after reaction of a Cu(l) precursor with O, at 193 K. Warming to
233 K lead to homolytic O—O bond cleavage, generating a Cu,0
species that is able to oxygenate hydrocarbons with a BDE of up
to 82 kcal mol~.I'"*! Recently, we replaced the hexadentate by an
octadentate ligand and introduced terminal pyrazole instead of
pyridine donors in the side arms, resulting in the MO8 system.!'®
Through this modification of the ligand design, the Cu,O inter-
mediate was found to be unstable in the MO8 system, and a
1-1,1-hydroperoxo dicopper(ll) (Cu,O0H) species was detected
upon oxygenation at 193 K. Room temperature oxygenation,
on the contrary, was found to lead to a dihydroxo dicopper(ll)
complex Cu,(OH),. In line with the lack of formation of the highly
active Cu,0 species, the MO8 system also exhibits a significantly
lower reactivity toward hydrocarbons than the bdpdz/bdptz sys-
tems; that is, only anthrone (BDE = 76 kcal mol™")"”" could be
converted to anthraquinone."®
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Scheme 1. The [Cu,L,(BPMPD)] complex (L = CH3CN) combines structural
features of the previously investigated MO8 and the bdpdz systems.

Pursuing further our studies on dicopper complexes sup-
ported by dinucleating ligands with a pyridazine bridge, we
herein investigate copper coordination of the recently published
bis(pyridylmethyl)amine-pyridazine (BPMPD) ligand,""® which is
octadentate as MO8 and exhibits the same backbone. In contrast
to MO8, however, this ligand has terminal pyridine donors in the
side arms, similar to the bdpdz system (see Scheme 1).'>'68
Whereas the Cu(ll) complex of BPMPD has been studied with
respect to water oxidation,"® we are interested in exploring
the reactivity of the (so far unknown) Cu(l) BPMPD complex
toward dioxygen and its monooxygenase activity. Shortening
the C,-C, bridges in the side arms and replacing the terminal pyr-
azole by pyridine groups should lead to changes in the geometric
and electronic structure with respect to the MO8 system and thus
significantly influence the stabilization of Cu,0, intermediates.

In this study, we synthesize the copper(l) complex
[Cu,(BPMPD)(CHsCN),IX, (X=PFs, OTf) and investigate its
reactivity toward O, using UV/Vis-, rRaman-, XAS as well as by
cryo-UHR-electrospray ionization mass spectrometry (ESI-MS),
identifying differences to the MO8 and bdpdz systems. In addition,
the monooxygenation activity of the Cu,-BPMPD system toward
the organic substrate dihydroanthracene is tested and compared
with the reactivities of the previously investigated systems.

2. Results and Discussion
2.1. Synthesis and Structural Characterization
2.1.1. Synthesis of the Ligand 1 and the Dicopper(l) Complex 2

In contrast to the literature-known synthesis of BPMPD,""® we pre-
pared this ligand in analogy to the route applied to the synthesis of
MO8, resulting in a significantly simpler access. As for MO8, we
first synthesized 3,6-bis(chloromethyl)-pyridazine (BCMPydz), which
forms the pyridazine backbone of the ligand. Reaction of this com-
pound with bis(2-pyridylmethyl)amine (BPMA) leads to the ligand

Eur. J. Inorg. Chem. 2025, 28, €202500286 (2 of 10)

BPMPD (1; Scheme 2)."® Complexation of 1 with copper (ll) nitrate
in acetone/ dichloromethane (1:1) led to a green product (Section
$2.3.3). Slow evaporation of the solution afforded single crystals
of the composition ([Cu,(BPMPD)(NO;)s]"), [Cu(NO;),J*~ (NO57),
which were subjected to XRD. The structure of the complex cation
proves the constitution of the ligand (Figure S1, Supporting
Information).”® Furthermore, the obtained Cu—N bond lengths
are in agreement with those determined for the Cu(ll) complex
[Cu,(BPMPD)(OH)] (Cu,OH; see below).'®

In analogy to the previously investigated bdpdz and MO8 sys-
tems,”">'% Cu(l)-complexes 2-X of BPMPD were obtained by reac-
tion of the free ligand with two equivalents of [Cu(CH;CN),IX
(X =PF¢, OTf) in acetonitrile (Scheme 2).[°2%

For comparison and further investigation, we reproduced the
Cu,OH complex 5-ClO, according to ZHANG et al."® The Cu,OH
complex exhibits three absorption bands in the UV/Vis spectrum
at 360 nm (¢ =5500mM'cm™"), 655nm (¢=130m 'cm™') and
830 nm (¢ =280 M~' cm™") similar to the MO8 system (Figure S21,
Supporting Information). The IR spectrum shows band at
3495cm™' that can be assigned to the O—H vibration of
the hydroxido ligand, as for the MO8 system (Figure S27,
Supporting Information)."® The ESI mass spectrum has a great
similarity to the spectrum obtained by ZHANG and shows
[Cu,(BDMPD)OHI*" as the main species (Section $6.1).'8 In
the "H-NMR spectrum, the signals are strongly shifted downfield
and show strong paramagnetic broadening due to the presence
of Cu(ll), which makes assignment difficult. However, the number
of signals matches the expected value (Figure S15, Supporting
Information). Because of the broadening, no signals are visible
in the ">*C-NMR spectrum in analogy to the Cu,0OH complex of
the MO8 system (Figure S16, Supporting Information)."®

2.2. Exploring Copper-Oxygen Intermediates of the
Cu,-BPMPD System with Density Functional Theory (DFT)

In order to obtain an impression of the capability of the
Cu,-BPMPD system to support various Cu,O, intermediates,

IN\ o IN\ NH, 1-MeOH.rt 1h
+
% = 2 NaBHa 15
BPMA
o
a A e
1. HoNNHpH,0 AN
° E{OH 07 N" o
reflux, 3 h _(=>_ cl /_(=>_/C‘
o> N\ /) —
)J\/Y 2. PdIC NV CHCl, of N
o) EtOH / benzene reflux, 2.5 h
reflux, 18 h BCMPydz
2+
2 [Cu( CH3CN)4]>< JEA |

N
“omen
N / \ 7 rt, 30 min

with L = CHsCN
and X = PFg, OTf

N
N ~CHeN
- reflux, 3 d

BPMPD

Scheme 2. Synthesis of the ligand BPMPD and the corresponding
Cu(l)-complex 2-PF4 and 2-OTf.
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DFT was employed. For a calibration of these calculations, we first
considered the u-hydroxo dicopper (Il) complex (Cu,OH), which
was structurally characterized by ZHANG et al."® (Figure 1). The
experimentally determined structure of Cu,OH was well repro-
duced by the calculation, and the bond lengths and angles of
the theoretically determined structure were found to be in good
agreement with the crystal structure (Table S6, Supporting
Information).

We then carried out geometry optimizations of various
possible Cu,O, intermediates (Cu,O, end-on/side-on Cu,0,,
bis-u-oxo Cu,0, Cu,O0H, Cu,(OH),) of the BPMPD system.
Based on the calculations and the crystal structure, it is most likely
that an intermediate is present in which the two copper centers
are each pentacoordinated (Cu,O, Cu,OH, end-on Cu,0,,
Cu,00H). Our recently published MO8 system also exhibits a
pentacoordinate environment for the Cu,OH and Cu,O0H com-
plexes.'® The geometry-optimized structures of the Cu,O, end-
on Cu,0, and Cu,00H complexes are shown in Figure 2.

Importantly, the calculated structures in which the Cu(ll) cen-
ters are hexacoordinated (side-on Cu,0,, bis-z-oxo Cu,0, and
Cu,(OH),, see Figure S59-561, Supporting Information) lead to
strong distortions of the systems and, in particular, result in
strongly elongated Cu—N bonds. We therefore consider it unlikely
that any of these structures are formed in the Cu,-BPMPD system.

It should be mentioned that geometry optimization of the
copper(l) complex led to reasonable structures both with and
without acetonitrile coligands (cf Figure S54, Supporting
Information). Experimentally, the data of the Cu(l) complex
2-PF, (cf Section S2.3), however, suggest that acetonitrile coordi-
nates to copper as a coligand. In the "H-NMR-spectrum is a singlet
at 1.96 ppm that indicates the presence of coordinated acetoni-
trile. With the bdpdz/bdptz system, which exhibits two acetoni-
trile coligands, we observed a signal on the same shift"® In
addition, the integral would match two acetonitrile molecules.
Furthermore, the elemental analysis of 2-PFs matches a complex
that has two acetonitrile coligands. Additional evidence for the

presence of acetonitrile is provided by liquid IR spectroscopy
measured in dichloromethane. Two small bands at 2293 and
2255 cm™" are visible, which can be assigned to the C—N vibra-
tion of acetonitrile (Figure S26, Supporting Information).2"
However, the coligands seem to be only weakly bound, as they
are not visible with ESI-MS and XAS.

2.3. Generation and Characterization of the u-1,2 Peroxo
Complex

2.3.1. UV/Vis Spectroscopy

Upon oxygenation of the orange solution of 2-PFs at 183 K, the
color turned dark blue/purple. The resulting absorption bands at
360 (¢ =3500), 450 (¢=1500), 550 (¢=1600) and at 620 nm
(e=1600m"cm™") were most pronounced at 203 K (Figure 3,
red). The band positions and intensities are in good agreement
with literature-known u-1,2 peroxo complexes (Cu,0,), and a pur-
ple color has also been observed for this type of copper-oxygen
intermediate.*?*2® Therefore we assign this species as a Cu,0,
complex (3). The bands at 550 and 620 nm can be assigned to z*
(peroxide) — d (Cu(ll)) ligand-to-metal charge transfer (LMCT)
transitions.”? The shoulder at 450 nm is also present in spectra
of other trans u-1,2 peroxo dicopper complexes,*>*! but might
also originate from a superoxo species, which is in equilibrium
with the u-1,2 peroxo complex.??-"! Absorption bands between
400-450 nm were observed for dicopper superoxo complexes in
the literature.?°-33

Warming of the solution leads to a rapid intensity decrease
of the bands and disappearance of the blue/purple color
(Figure S18, Supporting Information). In contrast to these obser-
vations, the bdpdz system was found to form a green-colored
tetranuclear u4-peroxide Cu(l),Cu(ll), complex with O, at
—90 °C which is transformed to a Cu,0 species upon warming
to —40°C."® For the MO8 system, on the contrary, oxygenation
with O, at —90°C generates a Cu,00H complex.l'¥!

Calculated structure

Crystal structure

Figure 1. Geometry optimization of the Cu,0OH complex (left) and crystal structure of the Cu,OH complex obtained by ZHANG et al."® (right). All hydrogen

atoms attached to carbon are omitted for clarity. DFT: RI-PBE-D3(BJ)/def2-SVP.
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Figure 2. Geometry optimizations of the, Cu,O (top left), u-1,2 Cu,0, (top right) and Cu,00H complex in two perspectives (bottom). All hydrogen atoms

attached to carbon are omitted for clarity. DFT: RI-PBE-D3(BJ)/def2-SVP.
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Figure 3. UV/Vis spectrum of an acetone solution of 2-PFs (black) and

spectrum obtained after reaction with O, at 190K (red).

2.3.2. rRaman

Resonance Raman spectroscopy was employed to confirm the
presence of the u-1,2 peroxo species 3. To this end we used a
wavelength of 532 nm for irradiation and carried out oxygenation
reactions of 2-PF¢ with '°O, and '®0, at 203 K. The oxygenation

Eur. J. Inorg. Chem. 2025, 28, 202500286 (4 of 10)

experiments revealed the presence of two isotope-sensitive
peaks at 507 (A=23) and 807cm™' (A=45cm™") (Figure 4).
The peak at 807 cm™' and the corresponding isotopic shift can
be assigned to an O—O vibration and are in good agreement with
literature data for u-1,2 peroxo complexes.*?2¢281 |n addition, the
peak at 507 cm™' and the corresponding isotope shift match
the literature data for Cu—O vibrations in u-1,2 peroxo
complexes.”>?* DFT calculations predict an O—O vibration at
1087 cm™' (A =62cm™"), a symmetric Cu—O vibration at around
363cm™' (A=9cm™") and an antisymmetric Cu—O vibration at
around 382 cm™' (A= 15cm™") for this system. The Raman data
obtained thus confirm our assumption of a u-1,2 peroxo species,
in agreement with the UV/Vis data.

2.3.3. XAS

To obtain detailed information on the environment and the oxi-
dation state of the copper, we investigated the reaction of 2-PF,
with O, at 203 K using XAS.B4 For the XAS experiment, a 20.1 mM
solution of 2-PF4 was used. X-ray absorption near-edge structure
(XANES) spectrum of the complex 2-PFg is similar to spectra of
MO8 and bdpdz/bdptz and agrees with the Cu(l) character
(Figure 5 (black), Figure S51, Supporting Information).'*'®
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Figure 4. Resonance Raman spectrum of 2-PF (gray) and spectra obtained
after reaction with '°0, (red) and 80, (blue) at 203 K, generating 3-PFs.
The solvent signals of the acetone are marked with asterisks.
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Figure 5. Cu K-edge XANES spectra of the precursor 2-PFs (black) and the
11,2 Cu,0, complex 3-PFs (red) obtained after reaction with O, at 203 K
with enlarged preedge region.

The edge position measured at 50% of the edge jump (E%2) is at
8983.8 eV. The shoulder at 8981.2 eV is weaker than in the spectra
of MO8 and bdpdz/bdptz systems, while a shoulder at 8987.6 eV
is quite pronounced.>'® The XANES spectrum of the dark
blue/purple 3-PFs solution indicates the presence of Cu(ll)
(Figure 5, red): the edge position is shifted to a higher energy
(EY> = 8987.5 eV) and there is a preedge peak at 8977.6 eV, which
is characteristic for Cu(ll).

Extended X-ray absorption fine structure (EXAFS) spectrum of
2-PFs and 3-PF4 could be fitted using the geometry-optimized
structures as models, for details, see (Section S6, Figure S53,
Supporting Information).

Thus, UV/Vis, Raman, and XAS data strongly support the
conclusion that the low-temperature Cu,O, intermediate in the
BPMPD system is a u-1,2 peroxo species.

2.3.4. Cryo-UHR-ESI-MS
To further complement our spectroscopic data, we investigated

the reaction of 2-PF4 with O, at 203 K by means of Cryo-UHR-ESI-
MS. Contrary to our expectations, however, the Cu,0, species was
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not visible in the mass spectrum. A reason for this may be the
high thermal instability of this species, which we already
observed in the low-temperature UV/Vis experiment (see above).
Decay of this species might also have occurred during the very
short period of transfer of the solution to the mass spectrometer.
By contrast, a [Cu,(BPMPD)O]*" intermediate (calc. m/z 322.0562,
obs. m/z 322.0568) was found as the main species in the mass
spectrum. In addition, a [Cu,(BPMPD)OH]** species (calc. m/z
215.0399, obs. m/z 215.0393) could be detected. Finally, the
“bare” Cu(l) complex [Cu,(BPMPD)]*" (calc. m/z 314.0587, obs.
m/z 314.0586) as well as a [Cu(l)Cu(ll)(BPMPD)]** species
(calc. m/z 2093723, obs. m/z 209.0366) were observed
(Figure S39-S42, Supporting Information).

2.3.5. Reactivity Experiments

The Cu,0, species 3 was tested regarding its reactivity toward
the substrate dihydroanthracene (DHA, BDE = 78 kcal mol~").5%
Notably, the bdpdz/bdptz system was able to catalytically convert
DHA to anthraquinone (AQ) with a TON of 5, but for the MO8 system
no reactivity toward this substrate was observed." In the first
experiment, the reaction was carried out with 5eq. DHA for 6 h
at 203K, whereby AQ with a conversion of 6.6% (TON=0.17)
was obtained. In the second experiment, the reaction mixture
was warmed up to rt after 6 h at 203 K and left at this temperature
for 18 h. In this case AQ with a yield of 14.1% (TON = 0.35) could be
obtained. Control experiments with the Cu(l) precursor and in the
absence of copper showed no conversion at all (see Table 1).
Regarding C—H activation, the BPMPD system is therefore more
reactive than MO8, but significantly less reactive than bdpdz/bdptz.

2.4. Protonation of the Cu,0, Species 3

In the next step we investigated whether the x-1,2 peroxo complex
of the BPMPD system can be reversibly protonated. For this pur-
pose, we used the acid 2,6-lutidinium triflate ([Lut-H][OTf]) to pro-
tonate the Cu,0, complex and diazabicycloundecene (DBU) for
deprotonation of the resulting species. It is known from the litera-
ture that protonation of Cu,0, complexes may lead to u-1,1-
hydroperoxo  dicopper(l) complexes (Cu,OOH).[>?22631:3637]
Therefore, we wanted to check whether the Cu,0, species 3 also
behaves in this manner (Scheme 3). It should be mentioned that
the 11,2 peroxo species could possibly be in equilibrium with a
1-1,1 peroxo species that undergoes protonation at the terminal
oxygen atom, leading to a w-1,1 hydroperoxo dicopper
(Cu,00H) complex. DFT calculations of the x-1,1 peroxo dicopper
species suggest that such an intermediate may be stable for the
BPMPD system (Section S9.9). The protonation and deprotonation
reaction of the Cu,0, complex 3 were monitored by means of
UV/Vis-spectroscopy and XAS.

2.4.1. UV/Vis

For the protonation reaction, 1.2 eq. of the acid lutidinium
triflate [H-Lut][OTf] were added to a solution of the Cu,0,
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Table 1. Reactivity of 3-PFs toward dihydroanthracene.

System Conversion
3-PFs, 203K, 6h 7%
3-PFs, 203K, 6 h, and rt for 18 h 14%
[Cu(CHsCN),JPFs 203K, O,, 6 h, and rt for 18 h 0%

No Cu, 203K O,, 6 h, and rt for 18 h 0%

complex 3 in acetone at 173 K, which led to a color change from
blue to green within a few seconds. Correspondingly, four new
absorption bands appeared in the UV/Vis spectrum at 370
(e =4600), 400 (¢=4000), 620 (¢=65) and 810nm
(e=90m'cm™') (Figure 6, green and S25, Supporting
Information). The UV/Vis bands are in good agreement
with those reported for Cu,0O0H complexes in the
literature.[#22262736-401 Moreover, they are strikingly similar to
a Cu,O0H complex supported by a pyrazolate-bridged dinu-
cleating ligand which could be reversibly generated by proton-
ation of the u-1,2 Cu,0, complex and exhibited UV/Vis bands at
416 nm (with a shoulder at 367 nm) and 605 nm.'?! We thus
conclude that we have obtained the x-1,1 hydroperoxo dicop-
per (Cu,00H) complex 4 after protonation (Scheme 3). The
UV/Vis bands at 367 and 401 nm have been assigned to hydro-
peroxo LMCT transitions and the band at 623 nm to a Cu(ll) d-d
transition.!***" Based on the amount of the Cu,00H complex
formed after addition of 1.0 eq. [Lut-H][OTf], we tried to estimate
a pK, value for the Cu,00H complex (Section S3.2). The estima-
tion resulted in a pK, between 6.49 and 8.78 depending on the
solvent (about two units higher than that of [Lut-H][OTf]).

3.0
——2-PF,+0,@ 190K

+ [H-Lu][OTAl @ 173 K
+DBU @ 190 K

2.0

Absorbance

400 500 600 700 800
Wavelength (nm)

Figure 6. UV/Vis spectroscopic investigation of the protonation experiment.
UV/Vis spectrum of an acetone solution of 2-PF, after oxygenation (red),
after addition of 1.2 eq. [Lut-H][OTf] (green) and after the subsequent
addition of 1.4 eq. DBU (blue).

As described in the literature for other Cu,00H complexes,
the Cu,00H complex 4 can also be obtained by reaction of
the Cu,OH complex 5 with H,O, at low temperatures
(Scheme 3 and Figure S22, Supporting Information).22363839

When 1.4 eq of the base diazabicycloundecene (DBU) was
added, the solution turned dark blue/purple again. A UV/Vis
spectrum was obtained that matched that of the original
Cu,0, complex (Figure 6, blue). Thus, the Cu,0, complex can
be reversibly protonated in analogy to earlier examples in
the literature.'?*3"

o ’\! - + H* - - j
203 K E“ \ , "lﬁj _ H+ NE‘“] vof IIN
N'Ho N
Cu,0, Cu,00H
3 4
2 eq.[Cu(CH;CN),X
CHLCN, rt rt || H202
203K
= : /_/j—\
~H— 2 eq. Cu(ClO,), - 6 H,0 N NN
N N-N N 10 eq. TEA - /E LN
- /7 - e o
LN N=(N ) THF, 1t N o \’Q
) \ ) N H N
1 Cu,0OH
BPMPD S

Scheme 3. Reversible protonation of the Cu,0, complex 3. First, the reaction of the Cu(l) complex 2-X (with X =PFs~ or OTf~ and L = CH;CN) with O, at
203K leads to the u-1,2-peroxo species 3 (Cu,0,, middle). Protonation of this species (for example with [Lut-H][OTf]) leads to a x-1,1-hydroperoxo species 4
(Cu,00H, right), which can be converted back to the Cu,0, complex by deprotonation (for example with DBU). Warming the Cu,O0H species to rt leads
to the Cu,OH complex 5. Starting from the Cu,OH complex, the Cu,O00H complex can be obtained by reaction with H,0O, at 203 K.
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2.4.2. XAS

As in the XAS experiment described in Section 3, a 20.1 mM solution
of 2-PF¢ was first reacted with O, at 203K to form 3-PF,. After
the addition of 1.2 eq [Lut-H][OTf] to generate 4-PF,, the color of
the solution changed to green after a short time, as observed in
the UV/Vis experiment. The XANES spectrum obtained for 4-PF4 con-
firms that a Cu(ll) species is present as expected (Figure 7, blue, and
Figure S51, Supporting Information). Compared to 3-PF,, the edge
position of 4-PFg is shifted by 0.15-0.25eV to higher energy
(E>=8987.65 eV), and the preedge peak remains at 8977.6eV. In
the EXAFS spectrum, the amplitudes of the oscillations become
stronger for 4-PFs compared to 3-PFs, while their frequencies do
not really change (Figure S52, Supporting Information). The
EXAFS spectrum of 4-PF, could be fitted to the geometry-optimized
Cu,00H structure, for details, see (Section S8, Figure S53,
Supporting Information); the fitted Cu—Cu distance is 3.35A
(DFT model: 3.48 A). Subsequently, 1.4 eq. DBU was added, resulting
in a dark blue/purple color of the solution. The XANES spectrum
(Figure 7, green; Figure S51, Supporting Information) shows
return of the edge position back to that of 3-PFs with additional
appearance of a minor amount of Cu(l) character (further shift
of the edge at 8983-8987 eV to the lower energy and reduction
of the peak at 8997eV). Thus, it could also be shown by
XAS that the protonation of the u-1,2 peroxo complex is
reversible.

In contrast to the Cu,O0H complex, the XAS fit of the Cu,0,
complex didn't show sensitivity to the Cu—Cu distance.
Nevertheless, the XAS fit indicates that the first shell (which con-
sists of N and O atoms) around Cu barely changes upon proton-
ation. Notably, the DFT calculations show that the Cu—Cu
distance of the u-1,2 peroxo species (3.669 A) is only 0.2 A longer
than calculated for the Cu,O0H complex (3.447 A) (Section S9).
As a matter of fact, the calculated Cu—Cu distance of the former is
very short, even shorter than observed for the above-mentioned
peroxo complex supported by a pyrazolate-bridged dinucleating
ligand (3.797 A).2%

o
IS
L

norm. absorption
o
o
)

— 3-PFg
0.2 4-PF;
0.0 4—— T T T 4-PFg+DBU
' 8982 8984 8986 8988 8990

8960 8980 9000 9020 9040 9060 9080 9100
Energy (eV)

Figure 7. Cu K-edge XANES spectra of the initially measured y-1,2 Cu,0,

complex 3-PF¢ (red) 2-PF¢, of the Cu,00H complex 4-PF¢ (blue) and after
subsequent deprotonation of 4-PFs with DBU (green).
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2.5. Attempt to Generate a u-Oxo Dicopper(ll) Species

As already mentioned, warming up the Cu,0, species leads to
decomposition of the complex. This implies that, unlike the
bdpdz system, a Cu,0 species is not accessible from reaction
of the Cu(l) complex with O, in this way. Since the geometry opti-
mizations of the Cu,0O, species (see above, Figure 2) did not
exclude the possibility that a mono-u oxo dicopper(ll) species
(Cu,0) can be stabilized with the BPMDP system, we also tried
to generate it with oxygen atom transfer (OAT) reagents. To this
end, 2-PF5 was reacted with the OAT reagent iodosobenzene
(PhIO) and nitrous oxide under exclusion of O, at 233K, and
the reaction was followed using UV/Vis spectroscopy and
Cryo-UHR-ESI-MS. A temperature of 233 K was chosen because
our previous study on the bdpdz/bdptz complexes showed that
a Cu,0 species is stable at this temperature.

The reaction of an acetone solution of 2-PF with an excess
of PhlO (10 eq.) at 233 K resulted in a color change from orange
to dark green/brown. A UV/Vis spectrum with bands at
360nm (¢=5200mM"'cm™'), a broad shoulder at 440nm
(e=710mM'ecm™") and a band at 615nm (e=140M 'cm™")
was obtained (Figure 8, red). Similar results were obtained by
reaction of 2-PF¢ with N,O at 233 K. When N,O was introduced,
the acetone solution of 2-PF4 changed its color from orange to
green/brown within 30 min, and a UV/Vis spectrum with bands at
360 (e =4000), 440 (¢=650) and 620 nm (¢=250M"'cm™")
emerged (Figure 8, green). The obtained spectrum differs signifi-
cantly from that of the Cu,0, complex 3.

The observed bands at 360, 440, and 620 nm are in similar
positions as in the Cu,O complex of the bdpdz/bdptz system
(370, 420, and 630 nm).""* However, the extinction coefficients
observed here are much smaller. Furthermore, the solution
appears brownish; that is, the characteristic green color as
described in the literature for Cu,O species is not
observed,!'>*>*71 suggesting that this species might not have
formed or is not stabilized as well as in the bdpdz/bdptz system.
A further decrease of the intensity of the band at 615 nm is

4.0

—— 2-PF, @ 233K
+PhlO @ 233K
+N,0 @ 233K

w
o
1

Absorbance
N
o
1

1.0+

400 500 600 700 800

Wavelength / nm

Figure 8. UV/Vis spectrum of an acetone solution of 2-PFs (black), after
reaction with PhlO at 233 K (red) or after reaction with N,O at 233 K
(green).
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observed upon warming of solution to room temperature
(Figure S19 and S20, Supporting Information).

In order to obtain complementary information on that issue,
Cryo-UHR-ESI-MS was employed. Upon reaction of 2-PFs with
PhIO at 233 K the [Cu,(BPMPD)O]?* dication is found as the main
species in the mass spectrum (calc. m/z 322.0562, obs. m/z
322.0570). The cutout of the cryo-ESI mass spectrum showing this
species is reproduced in Figure 9. In addition, a [Cu,(BPMPD)
OHJ** complex (calc. m/z 215.0399, obs. m/z 215.0393) is visible,
as well as the Cu(l) complex [Cu,(BPMPD)]*" (calc. m/z 314.0587,
obs. m/z 314.0580) (Section S7.3). Reaction of 2-PF¢ with N,O at
233K led to comparable results (Section S7.4).

The fact that the Cu,0 complex is observed in the mass spec-
trum as the main species, however, does not constitute evidence
that this intermediate is present in solution. Notably, for the
Cu,OH complex of our previously studied MO8 system a Cu,O
species was observed in the mass spectrum as well, along with
the Cu(l) and the u-hydroxo complex."® Therefore, it is possible
that addition of OAT reagents to the Cu(l) complex of the BPMPD
system generates a hydroxo complex in a homogeneous solution
that gets deprotonated in the gas phase Alternatively, a dicopper
u-hydroxo/hydroxo intermediate is formed in solution that is
dehydrated in the gas phase, also leading to a Cu,O species."®
Both of these scenarios have been observed in the MO8 sys-
tem"® and would in principle be compatible with the observed
UVNis spectrum. (Figure 8). However, the UV/Vis spectrum
obtained here differs from that of the u-hydroxo complex 5
(Figure S21, Supporting Information).

We also made an attempt to generate a Cu,O species by depro-
tonation of the Cu,OH complex 5-ClO, with 1.2 eq. DBU and inves-
tigated the reaction by means of UV/Vis spectroscopy. After addition
of DBU and warming to rt, the Cu,OH bands decreased and the
solution changed its color from green to orange. The UV/Vis spec-
trum obtained looks very similar to that of the Cu(l)-complex 2-PF¢
(Figure S23, Supporting Information). The previously investigated
MO8 system shows the same behavior toward DBU. In the case
of MO8 the formation of Cu(l) was confirmed by XAS.'¥ We there-
fore assume that Cu(l) was also formed in the case of BPMPD.

Intens.
x10°

15 322.0570 Experimental
’ 323.0564 2-PFg+ PhlO @ 233 K
2
2 1.0
Q
<
05 3225684 | 3235576
324.0560
0 3210506 3245568
7% -
2000 3220562 32005 C3oH3oN5Cu,0, simulated
> 1500
D
g
£ 1000 %, 54
= 3225576 | 3235568 2+
500 324.0552
| 2
‘ 324.5561
0 I ) J L | | .
321 322 323 324 325 326 327

m/z

Figure 9. Cutout of the cryo-ESI mass spectrum obtained after reaction of
2-PFs with PhIO at 233K (top) and simulated spectrum of the Cu,0
complex (bottom).
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3. Conclusion

In this work we have investigated the dinuclear Cu(l) system
based on the ligand BPMPD with regard to its reactivity toward
oxygen at low temperatures. The original, literature-known
synthesis route of BPMPD was simplified, allowing easier access
to this ligand. Reaction of BPMDP with the copper(l) precursors
[Cu(CH5CN),IX (with X = PF4_ or OTf~) resulted in the new Cu(l)
complexes [Cu,(BPMPD)(CHsCN),](X),. Theoretical considera-
tions, as well as the known crystal structure of the Cu,OH com-
plex of this system, indicated that a Cu,O, species in which Cu is
pentacoordinated (i.e, Cu,0, Cu,O0H or x-1,2 Cu,0,) is more
likely than a hexacoordinate structure (i.e, side-on peroxo
Cu,0,, bis-u oxo Cu,0, or bis-u hydroxo).

When O, is introduced into a solution of
[Cu,(BPMPD)(CH5CN),](PFs), at 203 K, a color change from orange
to dark blue/purple is visible. UV/Vis, Cryo-UHR-ESI-MS, rRaman
and XAS data indicate the formation of a u-1,2 Cu,0, species.
The Cu,0, species was examined with regard to its ability to oxy-
gen transfer to dihydroanthracene (DHA) and a conversion of
14% (TON = 0.35) was observed.

Furthermore, it was investigated whether the x-1,2 Cu,0,
species 3-PFs can be reversibly protonated. The reaction of
3-PF, with [Lut-H][OTf] led to a green solution, and the UV/Vis
and XAS data indicated the formation of a Cu,O0H species
4-PF,. The addition of DBU to this solution resulted in the recov-
ery of the original dark blue/purple color, as well as the original
UV/Vis and XAS spectra, demonstrating that the Cu,0, species of
the BPMDP system can be reversibly protonated. The Cu,O0H
species 4 can also be obtained by reaction of the Cu,OH complex
5 with H,0, at low temperatures.

Since the theoretical consideration of the system did not
exclude the possibility of the formation of a Cu,O species, we
attempted to generate this species with the oxygen-atom trans-
fer reagents PhlO and N,O. The UV/Vis and Cryo-UHR ESI-MS data
obtained suggest that such a species could possibly be present,
but the UV/Vis spectrum indicates an incomplete reaction or
instability of this species in the BPMPD system and is also
compatible with a hydroxo complex as observed for the MO8
system.l'® An attempt to deprotonate the Cu,0OH complex 5
to obtain a Cu,O species resulted in the formation of a
Cu(l)-complex, as observed before for the MO8 system.!'!

In summary, we could show that variation of the chain length
and type of N-donors in the side arms entails significant changes
in reactivity toward oxygen compared to our previously investi-
gated pyridazine-bridged dicopper complexes (bdpdz/bdptz and
MOB8). In particular, modifying the ligand design of these systems
leads to different Cu,0, intermediates upon oxygenation; that is,
bdpdz/bdptz — Cu,0, MO8 — Cu,00H and BPMPD — Cu,0,,
the latter intermediate allowing reversible conversion to
Cu,O0O0H. Regarding the stability and formation of these species
and the monooxygenation activities of the corresponding
dicopper complexes, the present series of pyridazine-bridged
systems thus provides another compelling example of struc-
ture-function correlation emerging from rational and systematic
variation of the supporting ligand.
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