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Copper complexes in combination with dioxygen are important
as potential catalytic systems for regio- and stereoselective
aerobic oxygenations of aromatic and aliphatic C� H bonds at
ambient temperatures. In that context we herein describe a
copper(I) complex with an imine ligand derived from (+)-cam-
phor and 2-(2-aminoethyl)pyridine that forms a bis(μ-hydroxido)

dicopper complex upon reaction with dioxygen at room
temperature. It is detectable by UV-vis for several hours up to a
few days, depending on the solvent and could be structurally
characterized. In contrast to previous observations this complex
rather oxygenates acetone or thioanisole as external substrates
instead of undergoing an intramolecular ligand hydroxylation.

Introduction

Copper enzymes such as tyrosinase or dopamine-β-monoxyge-
nase catalyze[1] reactions that are potentially highly desirable for
chemical industry.[2,3] The active species responsible for these
oxygenations often are investigated by applying model com-
plexes which are usually short lived and often only accessible at
low temperatures (around � 80 °C).[4] So far only a few examples
of copper “dioxygen adduct” species are known, which are
persistent at room temperature for an extended time range.[5,6]

Especially copper complexes with tetradentate and tridentate
ligands have been investigated in that regard. They demon-
strated a large influence of chelate ring size as well as
substituents on nitrogen donor atoms on the reactivity of the
complexes towards dioxygen.[7,8] Less reports have been pub-
lished on complexes with bidentate ligands that tend to form
either side-on peroxido or bis(μ-oxido) dicopper copper com-
plexes. Groups by Itoh, Karlin, Tolman and Stack, as well as us,
demonstrated the large influence of the ligand system with
regard to the outcome of the reaction.[9,10]

Previously, Baran, Garcia-Bosch and co-workers successfully
hydroxylated an aminomethylpyridine based imine ligand 1 in
high yields (up to 94%) according to Scheme 1.[11,12]

To compare reactivities we investigated the closely related
copper system with literature known ligand 2 (Scheme 1)[13,14] at
room temperature, which only differs by applying 2-(2-
aminoethyl)pyridine instead of aminomethylpyridine. However,
despite the minor difference in the ligand system, no intra-
molecular ligand γ-hydroxylation was observed with 2 (Fig-
ure S22–Figure S24).

Hydroxylation reactions of this type, a so called “clip and
cleave” concept,[10,15,16] in general proceed either via copper
hydroperoxido complexes or 2 :1 copper dioxygen species (e.g.
bis(μ-oxido) or μ-η2:η2-peroxido dicopper complexes) as key
intermediates (Scheme 2), or via a dioxygen mediated series of
electron transfers between the ligand and copper ultimately
opening the ligand for nucleophilic attack by water to yield the
hydroxylation product.[10,12,15,17] If such a reaction takes place and
which path it takes is determined by very subtle structural and
electronic changes in the ligand structure.[10,18]
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Scheme 1. (a) 1) 2.3 eq. [Cu(MeCN)4]PF6, 3 eq. Na ascorbate, acetone, 2) O2,
50 °C, 6 h, 3) Na4EDTA workup; (b) 1) 1.1 eq. Cu(NO3)2 · 3 H2O, THF, 2) 15 eq.
H2O2, 50 °C, 4.5 h, 3) Na4EDTA workup; (c) 1) 1 eq. [Cu(MeCN)4]PF6, acetone,
2) 15 eq. H2O2, r.t., 4.5 h, 3) Na4EDTA workup.

Scheme 2. Common intermediates in copper mediated ligand hydroxyla-
tions.
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Results and Discussion

To gain better insight into these reactions in general, we
investigated the reaction of the copper complex with ligand 2
in more detail. Intriguingly, in contrast to most imines, ligand 2
resists hydrolysis during aqueous workup and could be crystal-
lized in its protonated form under air (molecular structure and
crystallographic data are reported in SI 3.5.6).

The 1 :1 copper(I) complex of 2 crystallized as a dimer with
two linear coordinated copper centers bridging two ligands
(Figure 1). Similar molecular structures were reported e.g. by
Specht et al. for a related ligand, where (+)-camphor is
substituted by cyclohexanone, and by Ray and co-workers.[10,19]

In contrast to our complexes, the copper(I) complexes of the
methylene bridged ligand 1 and complexes of the related
ligands by Specht et al. were crystallized as trigonal planar
mono copper complexes with one acetonitrile ligand or as 2 :1
ligand:copper ratio coordinated complexes.[12] Both species
were detectable for copper complexes with ligand 2 as well by
ESI-MS, indicating equilibria between the three copper(I)
species (Figure S32). The [Cu(2)2]+ species is unreactive towards
dioxygen (Figure S8), we therefore propose that this species

plays no significant role during dioxygen activation. Despite
several attempts to crystallize this copper(I) species, only the
copper(II) analogue could be structurally characterized (SI 3.5.2).
However, even though the dimer was the most prominent
species in the ESI-MS spectrum, thorough NMR analysis
confirmed that the mono acetonitrile coordinated species
[Cu(2)(MeCN)]PF6 is the preferred species in solution (Fig-
ure S14–Figure S21).

Stopped-flow measurements in acetone (Figure 2) were
carried out to investigate the reaction of [Cu(2)(MeCN)]PF6 with
dioxygen to detect the formation of reactive intermediates. No
reactions were observed at low temperatures (� 93 °C). Further-
more, oxygenation in acetonitrile afforded only a very slow
color change to purple (within days) and no observable LMCT
bands within hours. Stopped-flow measurements in acetone:
MeCN (2.5% V/V MeCN) revealed a strong inhibition of the
reaction by the presence of small amounts of MeCN. The
significance of de-coordination of additional ligands (such as
MeCN) during or prior to dioxygen activation has been
thoroughly studied in the past.[20]

Time resolved UV-vis spectra were collected in acetone
between � 10 °C and +10 °C. Absorbance maxima were ob-
served at 365 nm and at 570 nm, which would be the typical
region for μ-η2:η2-peroxido dicopper complexes.[21] Furthermore,
similar spectra were assigned to bis(μ-oxido) dicopper com-
plexes in the past.[6,22] However, the product complex formed
was stable enough to be crystallized and turned out to be the
bis(μ-hydroxido) dicopper complex [Cu2(2)2(μ-OH)2](PF6)2 (Fig-
ure 3). We were able to confirm that the UV-vis spectrum can
be assigned to the bis(μ-hydroxido) by isolation of the complex
and the measurement of a UV-vis spectrum at room temper-
ature. Additionally, DFT calculations (see below and SI 1.5)
supported this assignment.

The crystallization of two conformers of the bis(μ-hydroxido)
dicopper complex was achieved (Figure 3). The presence of
such bis(μ-hydroxido) conformers in solution was supported by
Ray and co-workers using helium tagging infrared photo-
dissociation spectroscopy.[19] It is a common decomposition
product of μ-η2:η2-peroxido and bis(μ-oxido) complexes and
was also clearly detectable by ESI-MS (SI 3.4).[15,19,23]

Ray and co-workers recently reported the formation of a
bis(μ-oxido) complex that subsequently reacts to a reactive
bis(μ-hydroxido) with similar UV-vis features that we

Figure 1. ORTEP Plot of the molecular structure of [Cu2(2)2](PF6)2. Anions and
hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 50%
probability.

Figure 2. Time-resolved UV-vis spectra of the reaction of [Cu(2)(MeCN)]PF6
(4.7 · 10-4 mol · L� 1) with dioxygen (5.7 · 10� 3 mol · L� 1)[3] in acetone at � 7 °C
over a period of 1000 s. The inset displays the time dependent change in
absorbance at 365 nm (blue: experimental, red: exponential fit, first-order
rate constant kobs=3.6 · 10� 3s� 1).

Figure 3. ORTEP Plots of the molecular structures of the C1 and C2 form of
[Cu2(2)2(μ-OH)2](PF6)2. Anions and carbon bound hydrogen atoms are
omitted for clarity. Ellipsoids are drawn at 50% probability.
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observed.[19] However, they could not crystallize their complex.
In contrast we did not observe the formation of the presumed
bis(μ-oxido) complex, but obtained instead a stable bis(μ-
hydroxido) complex. The temperature range and the time of full
formation of the band at 365 nm of approximately 1000 s
(Figure 2) is quite exceptional for copper dioxygen species and
demonstrates the high stability of the copper(I) complexes of 2.
It is known that copper(I) complexes can be stabilized by six
membered chelate rings.[8,10] Furthermore, it was observed in
the past that the bite angle of a ligand can determine which
type of adduct forms.[24]

The observed adduct does not decompose significantly at
room temperature (Figure 4a–d). It is even detectable by UV-vis
in DCM for at least 5 d (Figure 4b). Considering that the
copper(I) complexes of 1 undergo intramolecular hydroxylation
via a copper hydroperoxido complex within hours, makes
[Cu(2)(MeCN)]PF6 an outstanding example for the influence of
chelate ring size and bite angle on the reactivity of copper(I)
complexes towards dioxygen.

Bis(μ-oxido) dicopper complexes are common intermediates
for intramolecular ligand hydroxylations, which makes it
particularly interesting how our “substrate” ligand forms copper
dioxygen species without subsequent oxygenation.[10,15,16,25] Any-
how, the molecular structure of the bis(μ-hydroxido) complex
reveals a γ-H···O distance of 2.34–2.50 Å, which could potentially
be too far for an insertion of O into the C� H bond or even
radical H abstraction, under the assumption that similar
distances are present in the actual dioxygen adduct.

The temporal evolution of the absorbance at 365 nm (inset
Figure 2) can be fitted by a single exponential function,
indicating pseudo first order kinetics. Furthermore, kinetic
measurements in dependency O2 concentration confirmed the
first order kinetics with respect to c(O2) leading to the overall
rate law:

dcð½Cu2ð2Þ2ðm� OHÞ2�ðPF6Þ2Þ
dt

¼ k � cð½Cuð2ÞðMeCNÞ�þÞ � cðO2Þ

Thus, the initial formation of a 1 :1 Cu :O2 superoxido
species should be representing the rate determining step
followed by fast consecutive steps to the final product. Despite
the small temperature range we calculated the activation
parameters ΔH� = +21.9�0.7 kJmol� 1 and ΔS� = � 166�
2 JK� 1mol� 1 from an Eyring plot (Figure S4; Table S2). The quite
negative activation entropy is in line with an associative
mechanism (substitution of MeCN) that also explains the
suppression of the reaction if the concentration of MeCN is
raised.

Density functional theory (DFT) calculations were performed
to investigate the nature of the Cu2O2 species that forms prior
to the bis(μ-hydroxido) complex and confirmed the overall
reaction mechanism. The calculations reveal the bis(μ-oxido)
species as favored by app. 9 kcalmol� 1 over the peroxido
species (Figure S10; Table S5). As the UV-vis spectrum together
with the observation of no characteristic Cu2O2 modes in the
Raman spectrum of this species indicates the formation of the

Figure 4. UV-vis spectra of the reaction of [Cu(2)(MeCN)]PF6 with O2 a) in acetone over 4 d and b) in DCM over 4 d; c) Time trace of the absorption at 365 nm
in acetone; d) Time trace the absorption at 365 nm of the reaction in DCM.
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hydroxido species, it was also investigated via DFT calculations.
The key parameters of the triplet hydroxido species (favored by
14.1 kcal/mol compared to the singlet hydroxido species;
Table S6) agree very well with the bond length and angles
determined by single crystal X-ray crystallography (Table S8).
Furthermore, the time-dependent (TD) DFT UV-vis spectrum of
the triplet hydroxido species corresponds to the experimental
spectrum (Figure S13). Therefore, the bis(μ-hydroxido) most
likely forms from a bis(μ-oxido) core by hydrogen atom
abstraction from the acetone, as observed by Ray and co-
workers.[19]

This was further confirmed by the formation of a dinuclear
copper complex with an acetate and hydroxide bridge (Fig-
ure 5), upon oxygenation of [Cu(2)(MeCN)]PF6 in acetone after a
few days at room temperature (A species which was not
observable by ESI-MS measurements). Furthermore, the bis(μ-
hydroxido) must play a role in oxygen mediation during
acetone oxidation, since it slowly decomposes in acetone, but
not in DCM (Figure 4c, Figure 4d).

The molecular structure demonstrates that the dioxygen
adduct is able to oxidize substrates after all. Acetic acid is a
typical product from oxygenation of acetone to methyl glyoxal
and subsequent oxidative decomposition.[26] Anyhow, this
process seems to be very slow, which is why the acetate
bridged complex was not observable by ESI-MS. The stability of
the complex in DCM thus can be easily explained by the lack of
the observed acetone oxidation.

Stereoselective oxygenations of prochiral substrates with
dioxygen as oxidant are mostly carried out utilizing enzyme
catalysis, which have the drawback of high substrate specificity
and therefore relatively narrow substrate scope.[27] However,
some non-enzymatic examples are known, but to the best of
our knowledge no prochiral substrates were enantioselectively
oxygenated applying copper dioxygen chemistry.[28] Thioanisole

was chosen as a target substrate to test potential stereo-
selective oxygenations by [Cu2(2)2(OH)2]2+, since aryl sulfides are
enantioselectively oxidizeable to their corresponding sulfoxides
(Scheme 3).[29,30] Chiral sulfoxides are particularly interesting due
to their biological activity, but this reaction is rather a proof of
concept to demonstrate that copper “dioxygen adduct” com-
plexes can be designed to be stereoselective oxygen
mediators.[29,31]

Conversions up to 97% were achieved using one equivalent
of the copper(I) complex, yielding almost exclusively the
sulfoxide and ee's up to 4%. Furthermore, 18O2 experiments
revealed that dioxygen is the sole oxygen source for the
oxygenation. Since the thioanisole oxidation is a 2 e� process a
conversion up to 50% (with respect to copper(I)) was expected.
The higher conversion could indicate a catalytic reaction with
two turnovers. However, attempts to run the reaction with
catalytic amounts (5% and 10%) of copper(I) failed. Further-
more, considering the fact that the reactions have the best
outcome in acetone and that the dioxygen complex clearly
reacts with acetone (Figure 5), the direct oxygenation of
thioanisole by the bis(μ-hydroxido) species, as observed by Ray
and co-workers, seems likely. However, the in situ formation of
H2O2 and formation of a copper hydroperoxido species as active
oxidizing species, as observed by the Baran and Garcia-Bosch
groups, cannot be completely excluded.[12,19] The presence of
the bis(μ-hydroxido) complex in the C2 and C1 symmetric form
(crystallographic characterization) in solution causes many
possible transition states during oxygenation that most likely
do not yield the same enantiomer, which could be a reason for
the lack of enantioselectivity. Furthermore, the (+)-camphor
moieties might not be sufficiently bulky to induce higher ee's
for this type of reaction. Despite the low ee's this reaction
proofs that with further optimization and according ligand
design enantioselective oxygenations utilizing chiral copper
dioxygen adducts as oxygen mediators could potentially be
developed.

Conclusion

Our observations are a concise example for the often observed
stabilization of copper(I) complexes by six membered chelate
rings, an effect that was previously elucidated.[8,10] However,
such a dramatic effect of the chelate ring size on the ultimate
reactivity of copper(I) towards dioxygen (hydroperoxido vs.
bis(μ-oxido) and bis(μ-hydroxido)) was not expected here. The
methyl bridged ligand readily undergoes intramolecular ligand
hydroxylation in high yields (up to 94%) when reacted with
copper(I) and O2 or H2O2. Complexes of the ethyl bridged ligand
on the other hand oxygenates the solvent rather than the γ-
C� H bond and is able to selectively oxygenate thioanisole to its
according sulfoxide.

Chiral copper dioxygen adducts are rare (only one has been
crystallized so far).[32] Further investigations on simple chiral
ligands are required for the development of useful enantiose-
lective non-enzymatic oxygenations using dioxygen as oxidant
and chiral copper(I) complexes as catalysts.

Figure 5. ORTEP Plot of the molecular structure of [Cu2(2)2(μ-OAc) (μ-
OH)](PF6)2. Anions and carbon bound hydrogen atoms are omitted for clarity.
Ellipsoids are drawn at 50% probability.

Scheme 3. Oxygenation of thioanisole to the chiral methyl phenyl sulfoxide.
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Experimental Section
Materials and Methods: Solvents and reagents were purchased
from common suppliers. [Cu(MeCN)4]PF6 and [Cu(MeCN)4]OTf were
prepared according to literature procedures and stored in an argon
filled glove box.[33] The used solvents were purchased as anhydrous
solvents under nitrogen atmosphere and were distilled under argon
prior to transferring them into an argon filled glove box. 1H and 13C
NMR spectra were measured on a Bruker Avance II 400 MHz or
Bruker Avance III 400 MHz HD. The NMR analysis of the copper(I)
complex was carried out on a Bruker Avance III 600 MHz HD NMR-
spectrometer. Elemental analysis was carried out on a Thermo
FlashEA–1112 Series CHN-analysator. Reactions under inert con-
ditions were carried out in an argon 5.0 filled glove box (MBraun,
Garching, Germany). UV-vis measurements were carried out using
an Agilent 8453 spectrometer at 20 °C. GC-MS measurements were
carried out using an Agilent Technologies 5977B mass detector
with a 7820 A GC system. Chiral HPLC was carried out using a
CHIRALPAK IC column and a Dionex UVD 170 U detector (eluent
mixture: 70% n-hexane, 30% IPA). ESI-MS was measured using a
Bruker Daltonics micrOTOF. SC-XRD analysis was carried out on a
Bruker D8 Venture system, which was equipped with an IμS
microfocus Mo-Kα and Cu-Kα X-ray source. Moreover, the system
was equipped with an OXFORD CRYOSYSTEMS 700 low temper-
ature system and a PHOTON100 CMOS-detector. The molecular
structures were solved and refined using SHELXT2014/5[34] and
SHELXL2018/3[35], respectively.

Preparation of Ligand 2: A modified version of a literature known
synthesis was used to obtain 2.[13] (+)-Camphor (2.119 g,
13.92 mmol) was added to a round bottom flask and dissolved in
anhydrous toluene (50 mL). Afterwards 2-(2-pyridyl)-ethylamine
(1.711 g, 14.01 mmol) and BF3 · Et2O (0.1 mL, 0.8 mmol) were added
to the solution and the flask was attached to a Dean-Stark
apparatus equipped with a reflux condenser and a drying tube
filled with CaCl2. The mixture was refluxed overnight. After cooling
to room temperature the solvent was removed in vacuo and the
crude product was purified by Kugelrohr distillation. The pure
product was obtained as a colorless oil (2.022 g, 7.886 mmol; 57%).
1H NMR(400 MHz, CDCl3): δ (ppm)=8.48 (d, J=4.5 Hz, 1H), 7.51 (tt,
J=7.7, 1.7 Hz, 1H), 7.13 (d, J=7.7 Hz, 1H), 7.05 (t, J=7.6 Hz, 1H),
3.71–3.51 (m, 2H), 3.15–3.00 (m, 2H), 2.18 (dt, J=17.0, 3.9 Hz, 1H),
1.79 (t, J=4.6 Hz, 1H), 1.77–1.66 (m, 1H), 1.6 (d, J=16.9 Hz, 1H), 1.53
(td, J=12.0, 4.2 Hz, 1H), 1.21–1.10 (m, 1H), 1.01–0.91 (m, 1H), 0.90
(s, 3H), 0.83 (s, 3H), 0.53 (s, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm)=
182.6, 160.6, 149.2, 136.0, 124.0, 121.1, 53.5, 52.3, 46.7, 43.7, 38.4,
35.5, 32.2, 27.3, 19.3, 18.9, 11.5; HRMS (ESI): m/z calcd for C17H24N2+

H+ : 257.2013 [M+H]+, found: 257.2014.

Preparation of [Cu(2)(MeCN)]PF6: In an argon filled glovebox
[Cu(MeCN)4]PF6 (1.480 mg, 3.971 mmol) was dissolved in anhydrous
acetone (20 mL). Ligand 2 (1.016 mg, 3.963 mmol) was also
dissolved in anhydrous acetone (15 mL) and added dropwise while
stirring the copper(I) solution. The pale yellow solution was stirred
at room temperature for 2 h. Subsequently anhydrous diethyl ether
(250 mL) was added to precipitate the colorless copper complex.
The suspension was stirred overnight. The colorless solid was
filtered off and washed with anhydrous diethyl ether (3 · 10 mL).
The product was dried in vacuo. A colorless solid was obtained as
final product (1.705 mg, 3.370 mmol, 85%). 1H NMR(600 MHz,
acetone-d6): δ (ppm)=8.70 (d, J=5.4 Hz, 1H), 8.10 (t, J=7.5 Hz,
1H), 7.78 (d, J=7.5 Hz, 1H), 7.58 (t, J=5.8 Hz, 1H), 4.18–4.04 (m, 1H),
4.04–3.93 (m, 1H), 3.63 (s, 2H), 2.69 (dt, J=18.4, 3.8 Hz, 1H), 2.30 (s,
3H), 2.09 (d, J=18.4 Hz, 1H), 2.02 (t, J=4.5 Hz, 1H), 1.90–1.82 (m,
1H), 1.79 (td, J=12.2, 3.7 Hz, 1H), 1.50 (s, 3H), 1.32–1.23 (m, 1H),
1.17–1.08 (m, 1H), 0.95 (s, 3H), 0.66 (s, 3H); 13C NMR (151 MHz,
acetone-d6) δ (ppm)=195.9 (q, broad), 161.0 (q), 150.6 (CH), 140.9
(CH), 126.5 (CH), 124.7 (CH), 118.7 (q, MeCN), 56.2 (q), 54.0 (CH2),

49.3 (q), 44.3 (CH), 40.8 (CH2, broad), 39.1 (CH2), 32.6 (CH2), 27.3
(CH2), 19.7 (CH3), 19.1 (CH3), 13.0 (CH3), 1.8 (CH3); elemental analysis
calcd (%) for C19H27CuF6N3P: C 45.10, H 5.38, N 8.31; found: C 45.02,
H 5.55, N 8.16.

Crystallization of [Cu(2)(MeCN)]PF6 was attempted in MeCN,
acetone and DCM. However, the copper(I) complex always crystal-
lized as the [Cu2(2)2](PF6)2 dimer complex (SI 3.5.1), whether the
isolated complex [Cu(2)(MeCN)]PF6 was used or the complex was
generated in situ by careful addition of 2 to [Cu(MeCN)4]PF6.

Stopped-Flow UV-vis Spectroscopy: Stopped-Flow measurements
were carried out on a commercial HI-TECH SF-61SX2 stopped-flow
unit (TgK Scientific, Bratford-on-Avon, UK). The collected data was
processed using Kinetic Studio version 5.02 Beta. The procedure for
kinetic measurements was described in detail in previous work.[36]

UV-vis Experiments: A 8.1 · 10� 4 mol · L� 1 solution of [Cu-
(2)(MeCN)]+ was prepared by mixing equimolar amounts of
[Cu(MeCN)4]PF6 and 2 in anhydrous degassed acetone or DCM in an
argon filled glovebox. A UV-vis spectrum of the copper(I) complex
was recorded at 20 °C. Afterwards dioxygen was led through the
solution for about 4 min. Spectra were recorded after further
16 min, 1 d, 2d, 3 d and 4 d. The experiment was repeated in both
solvents and the intensity at 365 nm was traced over 5 h at 20 °C.

Oxygenation Reactions: The oxygenation of thioanisole by the
bis(μ-hydroxido) complex was investigated, to test if the complex is
suitable for enantioselective oxygenations. In an argon filled
glovebox [Cu(2)(MeCN)]PF6 (216.7 mg; 0.4283 mmol) was dissolved
in anhydrous acetone (20 mL). Subsequently, thioanisole (50 μL;
0.43 mmol) was added to the solution under stirring. Pure dioxygen
was lead through the solution for 5 min at r.t. causing the solution
to turn to a deep purple color. The solution was stirred at r.t. for 4 h
and quenched by the addition of 1 mol · L� 1 NH3 solution (30 mL).
The acetone was removed in vacuo and the aqueous layer was
washed with DCM (4 · 15 mL). The combined organic layers were
dried over Na2SO4. After removal of the drying agent, the solvent
was removed in vacuo and the product mixture was analysed by
GC-MS and chiral HPLC. The procedure was repeated in DCM and
THF (DCM: green solution after oxygenation; THF: purple suspen-
sion that turned into a blue solution after oxygenation).

Crystallizations

[Cu2(2)2](PF6)2: One equivalent of [Cu(MeCN)4]PF6 and one equiv-
alent of 2 were dissolved in small amounts of anhydrous degassed
acetone in separate vials. The ligand solution was carefully added
to the copper salt solution resulting in a highly concentrated pale
yellow complex solution. Colorless crystals were obtained by slow
ether diffusion over a few days at room temperature.

[Cu(2)2](BF4)2 · 2 C3H6O: One equivalent of [Cu(MeCN)4]BF4 and one
equivalent of 2 were dissolved in small amounts of anhydrous
degassed DCM in separate vials. The ligand solution was carefully
added to the copper salt solution resulting in a highly concentrated
pale yellow complex solution. Approximately 10 equivalents of S8
were added in an attempt to crystallize potential sulfido complexes.
The solution was stirred overnight and filtered using a syringe filter
resulting in a purple solution. Red crystals were obtained by slow
pentane diffusion over three months at � 30 °C. The sulfur most
likely oxidized the Cu(I) complex to the observed [Cu(2)2](BF4)2.
However the crystallization of sulfido complexes remained unsuc-
cessful.

[Cu2(2)2(μ-OH)2](PF6)2 · 2 THF (C2): One equivalent of [Cu(MeCN)4]PF6
and one equivalent of 2 were dissolved in small amounts of
anhydrous degassed THF in separate vials. The ligand solution was
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carefully added to the copper salt solution resulting in a highly
concentrated pale yellow complex solution. Dioxygen gas was
passed through the solution at room temperature for 2 min
resulting in a deep purple colored solution. Blue crystals were
obtained by slow pentane diffusion over 10 d at � 30 °C.

[Cu2(2)2(μ-OH)2](PF6)2 · 2 C3H6O (C1): One equivalent of [Cu-
(MeCN)4]PF6 and one equivalent of 2 were dissolved in small
amounts of anhydrous degassed acetone in separate vials. The
ligand solution was carefully added to the copper salt solution
resulting in a highly concentrated pale yellow complex solution.
One equivalent of NaBArF was added in an attempt to exchange
the anion. Dioxygen gas was passed through the solution at room
temperature for 2 min resulting in a deep purple colored solution.
Blue crystals were obtained by slow ether diffusion over a week at
room temperature.

[Cu2(2)2(μ-OAc)(μ-OH)](PF6)2: One equivalent of [Cu(MeCN)4]PF6
and one equivalent of 2 were dissolved in small amounts of
anhydrous degassed acetone in separate vials. The ligand solution
was carefully added to the copper salt solution resulting in a highly
concentrated pale yellow complex solution. Dioxygen gas was
passed through the solution at room temperature for 2 min
resulting in a deep purple colored solution. Blue crystals were
obtained by slow ether diffusion over a week at room temperature.

2-H2(OTf)2 ·H2O: One equivalent of Cu(OTf)2 and one equivalent of
2 were dissolved in small amounts of DCM in separate vials. The
ligand solution was carefully added to the copper salt solution
resulting in a highly concentrated green complex solution. The
solvent was removed and the complex was re-dissolved in acetone.
Colorless crystals were obtained by slow ether diffusion over a few
days at room temperature.

Computational Details: Density functional theory (DFT) calculations
were performed with Gaussian 16, Revision B01[37]. The geometry
optimizations were optimized by using the TPSSh functional[38] and
with the Ahlrichs type basis set def2-TZVP[39] basis set as
implemented in Gaussian 16, Revision B01.[37] As solvent model, we
used the Polarizable Continuum Model (PCM) as implemented in
Gaussian 16. As empirical dispersion correction, we used the D3
dispersion with Becke–Johnson damping as implemented in
Gaussian16, Revision B.01.[40]

Deposition Numbers 2118500 (for [Cu2(2)2(μ-OAc)(μ-OH)](PF6)2),
2118501 (for 2-H2(OTf)2
·H2O), 2118502 (for [Cu2(2)2(μ-OH)2](PF6)2 ·C3H6O), 2118503 (for
[Cu2(2)2](PF6)2), 2118504 (for [Cu2(2)2(μ-OH)2](PF6)2 · 2 THF), 2118505
(for [Cu(2)2](BF4)2 · 2 C3H6O) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service at www.ccdc.
cam.ac.uk/structures.

Acknowledgements

We thank the Regional Computing Center of the University of
Cologne (RRZK) for providing computing time on the DFG-funded
High Performance Computing (HPC) system CHEOPS as well as
support. Furthermore, Alexander Petrillo thanks the German
Academic Scholarship Foundation (Studienstiftung des deutschen
Volkes) for financial support. We thank Prof. Dr. Michael A.
Rübhausen and Dr. Benjamin Grimm-Lebsanft for performing
Raman measurements. Open Access funding enabled and
organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Chiral · Copper · DFT · Dioxygen · Oxygenations

[1] a) E. I. Solomon, D. E. Heppner, E. M. Johnston, J. W. Ginsbach, J. Cirera,
M. Qayyum, M. T. Kieber-Emmons, C. H. Kjaergaard, R. G. Hadt, L. Tian,
Chem. Rev. 2014, 114, 3659; b) D. A. Quist, D. E. Diaz, J. J. Liu, K. D. Karlin,
J. Biol. Inorg. Chem. 2017, 22, 253.

[2] S. E. Allen, R. R. Walvoord, R. Padilla-Salinas, M. C. Kozlowski, Chem. Rev.
2013, 113, 6234.

[3] H. Sterckx, B. Morel, B. U. W. Maes, Angew. Chem. Int. Ed. 2019, 58, 7946.
[4] C. E. Elwell, N. L. Gagnon, B. D. Neisen, D. Dhar, A. D. Spaeth, G. M. Yee,

W. B. Tolman, Chem. Rev. 2017, 117, 2059.
[5] G. J. Karahalis, A. Thangavel, B. Chica, J. Bacsa, R. B. Dyer, C. C.

Scarborough, Inorg. Chem. 2016, 55, 1102.
[6] M. Paul, A. Hoffmann, S. Herres-Pawlis, J. Biol. Inorg. Chem. 2021.
[7] a) S. Itoh, H. Fujii, in Comprehensive Coordination Chemistry III, Vol. 3

(Eds.: E. C. Constable, G. Parkin, L. Q. Que Jr), Elsevier, 2021, pp. 200–
237; b) S. Itoh, T. Abe, Y. Morimoto, H. Sugimoto, Inorg. Chim. Acta 2018,
481, 38; c) L. Q. Hatcher, K. D. Karlin, J. Biol. Inorg. Chem. 2004, 9, 669.

[8] M. Schatz, M. Becker, F. Thaler, F. Hampel, S. Schindler, R. R. Jacobson, Z.
Tyeklár, N. N. Murthy, P. Ghosh, Q. Chen, J. Zubieta, K. D. Karlin, Inorg.
Chem. 2001, 40, 2312.

[9] a) T. Brückmann, J. Becker, C. Würtele, M. Seuffert, D. Heuler, K. Müller-
Buschbaum, M. Weiß, S. Schindler, J. Inorg. Biochem. 2021, 111544;
b) A. P. Cole, V. Mahadevan, L. M. Mirica, X. Ottenwaelder, T. D. P. Stack,
Inorg. Chem. 2005, 44, 7345; c) T. Osako, K. Ohkubo, M. Taki, Y. Tachi, S.
Fukuzumi, S. Itoh, J. Am. Chem. Soc. 2003, 125, 11027; d) T. Osako, S.
Nagatomo, Y. Tachi, T. Kitagawa, S. Itoh, Angew. Chem. Int. Ed. 2002,
114, 4501; e) S. Itoh, M. Taki, H. Nakao, P. L. Holland, W. B. Tolman, J. L.
Que, S. Fukuzumi, Angew. Chem. Int. Ed. 2000, 39, 398; f) P. L. Holland,
K. R. Rodgers, W. B. Tolman, Angew. Chem. Int. Ed. 1999, 38, 1139;
g) A. P. Cole, D. E. Root, P. Mukherjee, E. I. Solomon, T. D. Stack, Science
1996, 273, 1848.

[10] P. Specht, A. Petrillo, J. Becker, S. Schindler, Eur. J. Inorg. Chem. 2021,
1961.

[11] a) B. Schönecker, T. Zheldakova, Y. Liu, M. Kötteritzsch, W. Günther, H.
Görls, Angew. Chem. Int. Ed. 2003, 42, 3240; b) B. Schönecker, T.
Zheldakova, C. Lange, W. Günther, H. Görls, M. Bohl, Chem. Eur. J. 2004,
10, 6029; c) Y. Y. See, A. T. Herrmann, Y. Aihara, P. S. Baran, J. Am. Chem.
Soc. 2015, 137, 13776.

[12] R. Trammell, Y. Y. See, A. T. Herrmann, N. Xie, D. E. Díaz, M. A. Siegler,
P. S. Baran, I. Garcia-Bosch, J. Org. Chem. 2017, 82, 7887.

[13] G. Blay, E. Climent, I. Fernández, V. Hernández-Olmos, J. R. Pedro,
Tetrahedron: Asymmetry 2006, 17, 2046.

[14] a) G. Blay, E. Climent, I. Fernández, V. Hernández-Olmos, J. R. Pedro,
Tetrahedron: Asymmetry 2007, 18, 1603; b) G. Blay, L. R. Domingo, V.
Hernández-Olmos, J. R. Pedro, Chem. Eur. J. 2008, 14, 4725.

[15] J. Becker, P. Gupta, F. Angersbach, F. Tuczek, C. Näther, M. C.
Holthausen, S. Schindler, Chem. Eur. J. 2015, 21, 11735.

[16] J. Becker, Y. Y. Zhyhadlo, E. D. Butova, A. A. Fokin, P. R. Schreiner, M.
Förster, M. C. Holthausen, P. Specht, S. Schindler, Chem. Eur. J. 2018, 24,
15543.

[17] a) M. Schatz, M. Becker, O. Walter, G. Liehr, S. Schindler, Inorg. Chim.
Acta 2001, 324, 173; b) T.-D. J. Stumpf, M. Steinbach, C. Würtele, J.
Becker, S. Becker, R. Fröhlich, R. Göttlich, S. Schindler, Eur. J. Inorg. Chem.
2017, 2017, 4246.

[18] S. Zhang, R. Trammell, A. Cordova, M. A. Siegler, I. Garcia-Bosch, J. Inorg.
Biochem. 2021, 223, 111557.

[19] K. Warm, G. Tripodi, E. Andris, S. Mebs, U. Kuhlmann, H. Dau, P.
Hildebrandt, J. Roithová, K. Ray, Angew. Chem. Int. Ed. 2021, 60, 23018.

Research Article
doi.org/10.1002/ejic.202100970

Eur. J. Inorg. Chem. 2022, e202100970 (6 of 7) © 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Wiley VCH Montag, 07.02.2022

2205 / 232153 [S. 84/85] 1

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100970
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100970
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100970
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100970
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100970
https://www.ccdc.cam.ac.uk/structures/?
https://www.ccdc.cam.ac.uk/structures/?
https://doi.org/10.1021/cr400327t
https://doi.org/10.1007/s00775-016-1415-2
https://doi.org/10.1021/cr300527g
https://doi.org/10.1021/cr300527g
https://doi.org/10.1002/anie.201804946
https://doi.org/10.1021/acs.chemrev.6b00636
https://doi.org/10.1021/acs.inorgchem.5b02205
https://doi.org/10.1016/j.ica.2017.09.017
https://doi.org/10.1016/j.ica.2017.09.017
https://doi.org/10.1007/s00775-004-0578-4
https://doi.org/10.1021/ic000924n
https://doi.org/10.1021/ic000924n
https://doi.org/10.1021/ic050331i
https://doi.org/10.1021/ja029380+
https://doi.org/10.1002/1521-3757(20021115)114:22%3C4501::AID-ANGE4501%3E3.0.CO;2-T
https://doi.org/10.1002/1521-3757(20021115)114:22%3C4501::AID-ANGE4501%3E3.0.CO;2-T
https://doi.org/10.1002/(SICI)1521-3773(20000117)39:2%3C398::AID-ANIE398%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1139::AID-ANIE1139%3E3.0.CO;2-0
https://doi.org/10.1126/science.273.5283.1848
https://doi.org/10.1126/science.273.5283.1848
https://doi.org/10.1002/ejic.202100185
https://doi.org/10.1002/ejic.202100185
https://doi.org/10.1002/anie.200250815
https://doi.org/10.1002/chem.200306054
https://doi.org/10.1002/chem.200306054
https://doi.org/10.1021/jacs.5b09463
https://doi.org/10.1021/jacs.5b09463
https://doi.org/10.1021/acs.joc.7b01069
https://doi.org/10.1016/j.tetasy.2006.07.025
https://doi.org/10.1016/j.tetasy.2007.06.023
https://doi.org/10.1002/chem.200800069
https://doi.org/10.1002/chem.201501003
https://doi.org/10.1002/chem.201802607
https://doi.org/10.1002/chem.201802607
https://doi.org/10.1016/S0020-1693(01)00588-6
https://doi.org/10.1016/S0020-1693(01)00588-6
https://doi.org/10.1016/j.jinorgbio.2021.111557
https://doi.org/10.1016/j.jinorgbio.2021.111557
https://doi.org/10.1002/anie.202108442


[20] a) K. D. Karlin, D.-H. Lee, S. Kaderli, A. D. Zuberbühler, Chem. Commun.
1997, 475; b) Y. Rondelez, M.-N. Rager, A. Duprat, O. Reinaud, J. Am.
Chem. Soc. 2002, 124, 1334.

[21] M. Lerch, M. Weitzer, T.-D. J. Stumpf, L. Laurini, A. Hoffmann, J. Becker,
A. Miska, R. Göttlich, S. Herres-Pawlis, S. Schindler, Eur. J. Inorg. Chem.
2020, 2020, 3143.

[22] a) C. Citek, B.-L. Lin, T. E. Phelps, E. C. Wasinger, T. D. P. Stack, J. Am.
Chem. Soc. 2014, 136, 14405; b) C. Citek, J. B. Gary, E. C. Wasinger,
T. D. P. Stack, J. Am. Chem. Soc. 2015, 137, 6991; c) F. Strassl, B. Grimm-
Lebsanft, D. Rukser, F. Biebl, M. Biednov, C. Brett, R. Timmermann, F.
Metz, A. Hoffmann, M. Rübhausen, S. Herres-Pawlis, Eur. J. Inorg. Chem.
2017, 2017, 3350; d) H. R. Lucas, L. Li, A. A. N. Sarjeant, M. A. Vance, E. I.
Solomon, K. D. Karlin, J. Am. Chem. Soc. 2009, 131, 3230.

[23] a) S. Herres, A. J. Heuwing, U. Flörke, J. Schneider, G. Henkel, Inorg.
Chim. Acta 2005, 358, 1089; b) L. Q. Hatcher, M. A. Vance, A. A.
Narducci Sarjeant, E. I. Solomon, K. D. Karlin, Inorg. Chem. 2006, 45,
3004; c) R. Haase, T. Beschnitt, U. Flörke, S. Herres-Pawlis, Inorg. Chim.
Acta 2011, 374, 546.

[24] a) T. Abe, Y. Morimoto, T. Tano, K. Mieda, H. Sugimoto, N. Fujieda, T.
Ogura, S. Itoh, Inorg. Chem. 2014, 53, 8786; b) T. Abe, Y. Shiota, S. Itoh,
K. Yoshizawa, Dalton Trans. 2020, 49, 6710; c) S. Itoh, Acc. Chem. Res.
2015, 48, 2066.

[25] P. L. Holland, K. R. Rodgers, W. B. Tolman, Angew. Chem. Int. Ed. 1999,
38, 1139.

[26] T. Schaefer, J. Schindelka, D. Hoffmann, H. Herrmann, J. Phys. Chem. A
2012, 116, 6317.

[27] a) S. Da Choi, H. Lee, F. Tieves, Y. W. Lee, E. J. Son, W. Zhang, B. Shin, F.
Hollmann, C. B. Park, ACS Catal. 2019, 9, 10562; b) G.-D. Roiban, R.
Agudo, A. Ilie, R. Lonsdale, M. T. Reetz, Chem. Commun. 2014, 50, 14310;
c) R. Agudo, G.-D. Roiban, R. Lonsdale, A. Ilie, M. T. Reetz, J. Org. Chem.
2015, 80, 950; d) A. Ilie, K. Harms, M. T. Reetz, J. Org. Chem. 2018, 83,
7504.

[28] a) H. Sundén, M. Engqvist, J. Casas, I. Ibrahem, A. Córdova, Angew.
Chem. Int. Ed. 2004, 43, 6532; b) Y. Yang, F. Moinodeen, W. Chin, T. Ma,
Z. Jiang, C.-H. Tan, Org. Lett. 2012, 14, 4762.

[29] J. Legros, J. Dehli, C. Bolm, Adv. Synth. Catal. 2005, 347, 19.
[30] a) I. Gamba, S. Palavicini, E. Monzani, L. Casella, Chem. Eur. J. 2009, 15,

12932; b) G. E. O’Mahony, A. Ford, A. R. Maguire, J. Org. Chem. 2012, 77,
3288.

[31] a) L. Olbe, E. Carlsson, P. Lindberg, Nat. Rev. Drug Discovery 2003, 2, 132;
b) R. Bentley, Chem. Soc. Rev. 2005, 34, 609.

[32] F. Stöhr, N. Kulhanek, J. Becker, R. Göttlich, S. Schindler, Eur. J. Inorg.
Chem. 2021.

[33] D. F. Shriver, Inorg. Synth. 1979.
[34] G. M. Sheldrick, Acta crystallographica. Section A, Foundations and

advances 2015, 71, 3.
[35] G. M. Sheldrick, Acta crystallographica. Section C, Structural chemistry

2015, 71, 3.
[36] M. Weitzer, M. Schatz, F. Hampel, F. W. Heinemann, S. Schindler, Dalton

Trans. 2002, 686.
[37] Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A.
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G.
Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F.
Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F.
Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.
Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P.
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M.
Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT,
2016.

[38] a) M. Tao, J. P. Perdew, V. N. Staroverov, G. E. Scuseria, Phys. Rev. Lett.
2003, 91, 146401; b) V. N. Staroverov, G. E. Scuseria, J. Tao, J. P. Perdew,
J. Chem. Phys. 2003, 119, 12129 and Erratum 2004, 121, 11507(E).

[39] a) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297–305;
b) A. Schäfer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829; c) K.
Eichkorn, F. Weigend, O. Treutler, R. Ahlrichs, Theor. Chem. Acc. 1997, 97,
119; d) F. Weigend, M. Häser, H. Patzelt, R. Ahlrichs, Chem. Phys. Lett.
1998, 294, 143.

[40] a) S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32, 1456;
b) L. Goerigk, S. Grimme, Phys. Chem. Chem. Phys. 2011, 13, 6670; c) For
TPSSh, the values of the original paper have been substituted by the
corrected values kindly provided by S. Grimme as private communica-
tion and published in; d) A. Hoffmann, R. Grunzke, S. Herres-Pawlis, J.
Comput. Chem. 2014, 35, 1943.

Manuscript received: November 10, 2021
Revised manuscript received: December 14, 2021
Accepted manuscript online: December 14, 2021

Research Article
doi.org/10.1002/ejic.202100970

Eur. J. Inorg. Chem. 2022, e202100970 (7 of 7) © 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Wiley VCH Montag, 07.02.2022

2205 / 232153 [S. 85/85] 1

https://doi.org/10.1039/a607862a
https://doi.org/10.1039/a607862a
https://doi.org/10.1021/ja0161958
https://doi.org/10.1021/ja0161958
https://doi.org/10.1021/ja508630d
https://doi.org/10.1021/ja508630d
https://doi.org/10.1021/jacs.5b02157
https://doi.org/10.1021/ja807081d
https://doi.org/10.1016/j.ica.2004.10.009
https://doi.org/10.1016/j.ica.2004.10.009
https://doi.org/10.1021/ic052185m
https://doi.org/10.1021/ic052185m
https://doi.org/10.1016/j.ica.2011.02.061
https://doi.org/10.1016/j.ica.2011.02.061
https://doi.org/10.1021/ic501461n
https://doi.org/10.1039/D0DT01001D
https://doi.org/10.1021/acs.accounts.5b00140
https://doi.org/10.1021/acs.accounts.5b00140
https://doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1139::AID-ANIE1139%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1139::AID-ANIE1139%3E3.0.CO;2-0
https://doi.org/10.1021/jp2120753
https://doi.org/10.1021/jp2120753
https://doi.org/10.1021/acscatal.9b04454
https://doi.org/10.1039/C4CC04925J
https://doi.org/10.1021/jo502397s
https://doi.org/10.1021/jo502397s
https://doi.org/10.1021/acs.joc.7b02878
https://doi.org/10.1021/acs.joc.7b02878
https://doi.org/10.1002/anie.200460295
https://doi.org/10.1002/anie.200460295
https://doi.org/10.1021/ol302030v
https://doi.org/10.1002/adsc.200404206
https://doi.org/10.1002/chem.200902451
https://doi.org/10.1002/chem.200902451
https://doi.org/10.1038/nrd1010
https://doi.org/10.1039/b418284g
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1039/b107927c
https://doi.org/10.1039/b107927c
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.467146
https://doi.org/10.1007/s002140050244
https://doi.org/10.1007/s002140050244
https://doi.org/10.1016/S0009-2614(98)00862-8
https://doi.org/10.1016/S0009-2614(98)00862-8
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1039/c0cp02984j
https://doi.org/10.1002/jcc.23706
https://doi.org/10.1002/jcc.23706

