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Abstract: One of the challenges of catalysis is the trans-
formation of inert C—H bonds to useful products. Copper-
containing monooxygenases play an important role in this
regard. Here we show that low-temperature oxygenation of
dinuclear copper(I) complexes leads to unusual tetranuclear,
mixed-valent u,speroxo [Cu'/Cu"], complexes. These Cu,0,
intermediates promote irreversible and thermally activated O—
O bond homolysis, generating Cu,O complexes that catalyze
strongly exergonic H-atom abstraction from hydrocarbons,
coupled to O-transfer. The Cu,O species can also be produced
with N,O, demonstrating their capability for small-molecule
activation. The binding and cleavage of O, leading to the
primary Cu,0, intermediate and the Cu,O complexes, respec-
tively, is elucidated with a range of solution spectroscopic
methods and mass spectrometry. The unique reactivities of
these species establish an unprecedented, 100 % atom-econom-
ic scenario for the catalytic, copper-mediated monooxygena-
tion of organic substrates, employing both O-atoms of O,.

Introduction

The transformation of inert C—H bonds to useful products
is one of the great challenges of chemistry.!l Successful
strategies to address this problem will preferentially involve
catalysts based on earth-abundant metals, operating under
mild conditions and in an atom- as well as energy efficient
fashion.”! One of the most interesting candidates in this
regard is copper, also due to its role in copper-dependent
monooxygenases."** For example, methane monooxygen-
ases (MMOs) enable methanotrophic bacteria to catalyze the
conversion of methane to methanol under ambient condi-
tions. Mimicking this reactivity with synthetic model systems
thus is of high scientific and technological interest.*”!
Whereas nature’s predominant form of MMO, particulate
methane monooxygenase (pMMO), contains copper, a dinu-
clear iron active site performs this reaction in soluble
methane monooxygenase (sMMO). The identity of the active
site in pMMO is, however, subject to controversy. The
methane-to-methanol conversion mediated by this enzyme
has been proposed to occur (i) on a mononuclear copper
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site,**<51 (ii) through a dinuclear copper—oxygen species!'*'
or (iii) within a tricopper cluster.!-®!%14]

In both forms of MMO, just like in other copper- and iron-
containing monooxygenases,**"! the oxygen atom of O, that
is not transferred to the organic substrate is converted to
water. This is the reason for the fact that these enzymes
require two reducing equivalents per transferred O-atom,
usually from NAD(P)H.P*>1®l Whereas the formation of
water adds thermodynamic driving force to the oxygenation
reaction,P*!>1%! the synthesis of these reductants consumes
energy,”'* and doubtlessly a significant advantage would be
achieved if both O-atoms of O, could be used for oxygen
transfer. Although such a mechanism does not seem to exist in
nature, we herein provide evidence for exactly this scenario in
synthetic model chemistry. Specifically, we show that low-
temperature oxygenation of dinuclear Cu' complexes sup-
ported by the ligands bdpdz"”' and bdptz® leads to tetranu-
clear, mixed-valent p,-peroxo [Cu'/Cu"], complexes. Upon
warming to 238 K, these undergo homolytic O—O bond
cleavage, generating two mono-p-oxo dicopper(IT) complexes
which in turn catalyze O transfer to organic substrates.
Notably, a related dicopper mono-pu-oxo species has been
found to perform the challenging methane-to-methanol
conversion in oxygen-activated, copper-containing Cu-ZSM-
5, serving as an inorganic model system of pMMO.[!
Therefore, the Cu,0O motif has also been discussed as
a possible intermediate in the enzyme and currently is
considered as one of the important copper—oxygen species
besides the common Cu,0, cores."”? These developments
have spurred an intense search for new dicopper complexes
exhibiting a p-oxo unit. In the meantime, a limited number of
such systems has been synthesized and characterized. An
excellent review describing these reports has been published
by Limberg et al.l'’)

Results and Discussion

The multidentate N-donor ligands bdpdz"”' and bdptz["®!
exhibiting a central pyridazine and a phthalazine moiety,
respectively, were synthesized by slight modifications of the
published procedures; the latter ligand was characterized by
X-ray structure determination (Supporting Information Sec-
tions S2 and S3.1). Addition of two equivalents of
[Cu(CH;CN),|PF, or [Cu(CH,CN),]OTf to these ligands in
acetonitrile  provided the complexes [Cu'y(bdpdz)-
(CH4CN),]X, (1a-X) and [Cu',(bdptz)(CH;CN),]X, (1b-X;
X =PF, or OTf) in almost quantitative yields.™”! Attempts to
obtain single crystals of 1b-OTf yielded red crystals which
were investigated by single-crystal X-ray diffraction analysis.
The molecular structure obtained, however, revealed a trinu-
clear mixed-valent Cu'Cu"Cu'-complex, demonstrating the
ability of these ligands to accommodate both copper(I) and
copper(II) centers (see below and Section $3.2).1%!

Low-temperature oxygenation of 1a-OTf, 1a-PF,, 1b-
OTf and 1b-PF, was performed in acetone by employing O,
as well as two oxygen-atom transfer (OAT) reagents and
monitored by UV/Vis and resonance Raman spectroscopy.
The obtained results were corroborated by ESI mass spec-
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trometry and X-ray absorption spectroscopy, complemented
by DFT calculations. Combined evidence from these data
leads to characterization of a mono-p-oxo dicopper(Il)
species (Scheme 1) along with the identification of an unusual
tetranuclear mixed-valent p,-peroxo [Cu'/Cu"], intermediate
in both types of complexes (see below).

1a (with bdpdz) Cuy0-bdpdz, 2a
1b (with bdptz) Cu,0-bdptz, 2b
with L = CH3CN with L = C3HgO

Scheme 1. Access to the Cu,0 complexes: The counterions X are
hexafluorophosphate (PF,") or triflate (OTf") and are omitted for
clarity.

Upon reaction of 1a and 1b with dioxygen at 183 K the
color of the solution changes from yellow to pale green, going
along with a change of the initial spectrum of the precursor
(Figure 1a, black) to a product spectrum containing two
absorption features—a broad shoulder at 390 nm (e=
2770 'cm™") and a band at 621 nm (¢=222Mm 'cm ')
(Figure 1a, blue; Table 1). The formation of a pale green
solution was already described for 1b-OTf by Lippard and co-
workers in different solvents at 195 K.**! Gradual warming of
the solution to 248 K causes a deepening of the color to
intense green. In the corresponding spectrum (Figure 1a, red)
the near-UV band splits into two shoulders at 370 nm (e =
2642 M 'em™") and 421 nm (¢=1350 M 'cm™') whereas the
621 nm band shifts to 630 nm (¢ =213 M 'cm"). The intense
green color, which for the first time has been associated with
a p-oxo dicopper(I) moiety by Karlin et al. in 1984, is a strong
indication for the formation of a Cu,0 core.'>? In order to
test this hypothesis we employed the common OAT reagent
iodosobenzene!'>*?”!  to generate the Cu,0 species
(Scheme 1). In fact, upon reaction of 1a/1b with PhIO in
acetone at 238 K the color changes from yellow to intense
green and a spectrum emerges (Figure 1a inset, violet) that is
very similar to that obtained with O,. We also investigated
whether the same species can be obtained using nitrous oxide
as OAT reagent.” % To this end, 1b-PF, was reacted at 193 K
with N,O and the temperature was slowly increased to 233 K
(Figure S18). A color change from yellow to intense green
occurred which was accompanied by N, evolution (Supple-
mentary Video 1). The final spectrum (Figure 1a, inset,
green) was again found to be almost identical to that obtained
for the reaction with PhIO and O,, respectively, exhibiting
two shoulders at 369 nm (¢ =2593 M 'cm™') and 416 nm (e =
1378 M 'cm™') and a distinct absorption band at 631 nm (¢ =
220 M 'em™!). Notably, absorption features around 600 nm
have been observed for other Cu,O complexes as well
(Table S6), supporting our assignment.[21%27:31.32]
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Figure 1. Generating the mono-p1-oxo species. a) Reaction with dioxygen: Absorption spectra of an acetone solution of 1b-OTf before (black) and
upon reaction with O, (blue, red). The UV/Vis spectra of the green solution obtained after reaction of 1b-PF, dissolved in acetone with nitrous
oxide (green) at 233 K or with an excess of PhlO (violet) at 238 K are shown in the inset. b) Resonance Raman spectra of 1a-PF before (black)
and upon reaction with °O, (red) and O, (blue) at 238 K. c) Resonance-enhanced vibrational spectra of 1b-PF; before (black) and after the
reaction with '°0, (red), '*0, (blue) and upon reaction with nitrous oxide (green) at 238 K. d) Characteristic cutout of the UHR-ESI mass
spectrum obtained upon reaction of 1a-PFg with O, at 238 K, confirming the formation of the mono-p-oxo complex. The corresponding species
is also detected in the experiment with 20, (see Figure S35). General remarks: UV/Vis: [=1 cm. Raman: The asterisks mark solvent signals of
acetone. The laser excitation wavelength was 393 nm.

Table 1: Spectroscopic data elucidating the binding and cleavage of O,. Overview of the experimentally and theoretically obtained data for the bdpdz
(1a) and bdptz (1b) systems after oxygenation, leading to the corresponding Cu,O (2a/b) or Cu,O, (3a/b) complexes.

Cu,0 Cu,0,"
Absorption feature  TDDFT' 2a-PF; 2a-OTf 2b-PF, 2b-OTf 3a-PF, 3a-OTf 3b-PF, 3b-OTf
A [nm] 390/380 370 (2739) 371 (2391) 368 (2488) 370 (2642) 397 (1956) 398 (2754) 393 (2150) 390 (2770)
(e M em™]) 431/434 421 (1282) 422 (1119) 417 (1343) 421 (1350) N.A. N.A. N.A. N.A.
554+701/572 630 (264) 630 (219) 633 (207) 630 (213) 619 (200) 613 (160) 619 (168) 621 (222)
Vibrational mode ~ DFTF 2a-PF; 2a-OTf 2b-PF, 2b-OTf DFTH 3a-PF, 3b-PF, 3b-OTf
(A™0,) [em™]
Veu o 563 (35)/ 629 (23) 619 (11) 623 (20) 619 (8) 523 (28)/ 607 (14) 607 (16) 604 (8)
587 (29) 534 (27)
Voo N.A. N.A. N.A. N.A. N.A. 854 (50)/ 854 (62) 854 (52) 855 (57)
849 (49)

General remarks: Solvent: acetone; oxygenations were carried out at least duplicate; values presented here are averaged; c=0.6-1.0 mm. [a] Values
are given as follows: 2a (bdpdz)/2b (bdptz). Based on the assumption that acetone is the coordinating solvent; values with acetonitrile instead of
acetone can be found in Table S9. DFT: B3LYP/def2-TZVP(-f). [b] The given molar absorption coefficients at these maxima are based on the
assumption that the species is tetranuclear. [c] Based on the assumption that acetone is the coordinating solvent; values without acetone or with
acetonitrile can be found in Table S9. DFT: PBE-D3 (BJ)/def2-SVP. Detailed assignments as well as schematic representations of the vibrational modes
can be found in Section S6.1. [d] Calculations were performed without any coligands like acetone or acetonitrile. 1a: do o =1.412 A and 1b: do_
o=1.414 A. DFT: PBE-D3(BJ)/def2-SVP. Detailed assignments as well as schematic representations of the vibrational modes can be found in
Section S6.1. [€] Vcy-0=V*cy-0; V’cu-o NOt observed.

In order to provide further spectroscopic evidence for the  py was employed. Upon reaction of 1a-PF, with dioxygen at
formation of Cu,O cores, resonance Raman (rR) spectrosco- 238 K, an isotope-sensitive peak emerges at 629 cm™ (A=
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23 cm'; Figure 1b). DFT calculations performed for the
Cu,0 complex of 1a predict a symmetric and an antisym-
metric Cu—O vibration at 437cm™' (A=19cm!) and
563cm™' (A=35cm™'), respectively (Tablel and Sec-
tion S6.1 for a full vibrational analysis). Based on its
frequency, the observed mode is assigned to the antisymmet-
ric vibration whereas the symmetric vibration is not observed.
This can be explained by assuming that the oxo—Cu" CT
transition is localized.™ The excited state thus exhibits
a distortion along v*¢,_, and only this mode gets resonantly
enhanced.*

Similar observations were made for 1b-PF, upon reaction
with dioxygen at 238 K. In this case, v“¢,_o appears at
623 cm™ (A=20cm™'; Figure 1¢).”) The observed vibra-
tional frequencies and isotope shifts are in good agreement
with the literature (Table 1 and Table S8).[11:12:19.20.27.34-3¢]

To further confirm the identity of the Cu,O complex and
support the respective UV/Vis data (see above), rR inves-
tigations were also performed with nitrous oxide (Figure 1c).
Addition of N,O into a solution of 1b-PF, at 193 K leads to
the emergence of two new peaks in the rR spectrum both of
which can be attributed to free N,O (Figure $19)." Upon
increasing the temperature the N,O features decrease in
intensity and N, is liberated (see above). At 238 K a new peak
emerges at 623 cm~' (Figure 1c, inset), in analogy to the
reaction with dioxygen (Figure 1c, red). To the best of our
knowledge, no other low-molecular weight dicopper(I) com-
plex has so far been found to form a mono-p-oxo core with
N,O at such low temperatures, underscoring the extraordi-
nary capability of our systems for small-molecule activa-
tion.[19:22:28.29.30.38,39]

The spectroscopic data are corroborated by UHR-ESI
MS. Reaction of 1a-PF, with dioxygen (or PhIO; Sec-
tion S4.1) at 238 K provides the mass spectrum shown in
Figure 1d, which is in excellent agreement with the calculated
spectrum and isotopic distribution pattern of the doubly
positively charged Cu,O species [2a-PFJ*" (m/z: calc.
279.0140, obs. 279.0123). Upon reaction with '*O, the peak
shifts by one mass unit to m/z 280.0137, as expected (Fig-
ure S35).

The fact that 1a and 1b are able to form Cu,O species not
only by using OAT reagents but also by reaction with O,
suggests that they are able to bind dioxygen and subsequently
cleave the O—O bond of the resulting peroxo complex (cf.
Scheme 2). Correspondingly, we assume that the UV/Vis

2a/2b

1a/1b < .} CusOp-bdpdz, 3a
¥2" Cu,y0,-bdptz, 3b
Scheme 2. Formation of the Cu,O core via homolytic O—O bond
cleavage of the tetranuclear, mixed-valent p,-peroxo species (Cu,O,).
The pyridine rings have been omitted for clarity and simplified by the
N-donor atoms.
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spectrum observed upon oxygenation of 1b at 183 K (Fig-
ure 1a, blue) does not originate from a Cu,O complex, but
rather from the initially formed dioxygen adduct.

In order to obtain more information about this inter-
mediate and its O—O cleavage leading to the Cu,O species,
variable-temperature rR experiments were performed. Re-
action of 1b-PF, with dioxygen at 193 K leads to a rR
spectrum which exhibits two isotope-sensitive peaks at 854
and 607 cm™' (A=52 and 16 cm™, respectively; Figure 2a,
red and blue). Importantly, the observed Raman spectrum is
not compatible with a 1:1 adduct of 1b and dioxygen (cf.
Section S6.7 and Scheme S5), but can only be interpreted on
the basis of a tetranuclear mixed-valent p,-peroxo [Cu"/Cu"],
complex with a Cuy0, core (Scheme 2, center). A DFT-based
vibrational analysis of this species is presented in Section S6.1.
Correspondingly, the peak at 854 cm™! is attributed to the O—
O stretch and the peak at 607 cm ! to a Cu—O mode (Table 1).
Similar results are obtained upon reaction of 1a-PF, with
dioxygen at 193 K with v, ¢ being observed at 854 cm™ (A =
62cm™') and ve, o at 607 cm' (A=14cm™'; Figure S29).
Note that O—O stretches around 850 cm™' have also been
observed in other Cu,0, clusters (cf. Table S8).[*%4]

Upon increasing the temperature from 193 K (Figure 2b,
blue) to 223 K (Figure 2b, green) the peroxo-core associated
features (including the O—O stretch) clearly vanish, and
further warming to 238 K leads to a spectrum (Figure 2b, red)
that is identical to the red trace of Figure 1c;i.e., corresponds
to the mono-p-oxo species (Figure S30). This confirms that
the tetranuclear peroxo complex promotes thermally activat-
ed, homolytic O—O bond cleavage, leading to two Cu,O
species. Supposedly, this process does not occur in a single
step as shown in Figure 2a, but involves a more complex
reaction sequence.” In any case, if the solution containing
the Cu,O species of 1b-OTTf is cooled again from 238 K down
to 203 K (Figure 2c¢), the features of the Cu,0, core do not re-
appear, but the mono-p-oxo feature at 619 cm ' is retained.
These observations are supported by UV/Vis spectroscopy
(Figures S20 and S21). The transformation process shown in
Scheme 2 thus is irreversible.

To support the low-temperature spectroscopic data, cryo-
UHR-ESI MS was employed again. Upon reaction of an
acetone solution of 1a-OTf with O, at 183 K the mass
spectrum presented in Figure 2d is obtained, which shows
a peak with an isotopic pattern and m/z value corresponding
to the Cu 0, trication [3a-OTf]*" (Scheme 2). Note that this
species contains two Cu', two Cu" and one peroxide, as
anticipated. Along with two bdpdz ligands and one triflate
this leads to the observed m/z value of 421.6674 (m/z calc.
421.6695) and total charge of 3 +. Upon reaction with '*O, the
characteristic peak shifts by 4/3 mass units to m/z 423.0011
(mlz calc. 423.0057; Figure S36). Importantly, no mono-u-oxo
species can be detected at 183 K for 1a-OTf, in agreement
with the thermally activated character of the Cu,0,—Cu,O
conversion (see above).

Detailed information on the oxidation state and the
nearest-neighbor environment of the copper centers in the
Cu,0 and Cuy0, complexes is provided by extended X-ray
absorption fine structure (EXAFS) and X-ray absorption
near-edge structure (XANES). Upon oxygenation of the Cu'
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Figure 2. Mechanistic investigations: Breaking the O—O bond. a) Resonance Raman spectra of 1b-PF, before (black) and after the reaction with
160, (red) and 0, (blue) at 193 K. b) Resonance Raman spectra of 1b-PF, before (black) and upon reaction with dioxygen at three different
temperatures (blue: 193 K; green: 223 K; red: 238 K). c) O—O bond homolysis of the Cu,O, intermediate is irreversible; i.e., once the Cu,0
complex of 1b-OTf is formed (red), the spectrum of the mono--oxo species is retained after re-cooling (orange). The spectra at 193 K and 203 K
are rescaled by factor 2. d) Characteristic cutout of the UHR-ESI mass spectrum obtained upon reaction of 1a-OTf with O, at 183 K, confirming
the mixed-valent p,-peroxo complex. The corresponding species is also detected in the experiment with O, (see Figure S36). General remarks:
Raman: The asterisks mark solvent signals of acetone. The laser excitation wavelength was 393 nm.

precursor (1b-PF;) to the Cu,0, complex (3b-PF6) and
further conversion to the Cu,O species (2b-PFy), the edge
position (measured at 50 % of the edge jump) in the Cu K-
edge XANES spectra shifts to higher energy by 0.7 and by
additional 0.2 eV, respectively, reflecting a stepwise transition
from Cu' to Cu". Moreover, the spectrum of 1b-PF, (Fig-
ure 3a,b, black) shows a distinct feature at 8982.2 eV, the
intensity of which is reduced by about 40 % upon oxygenation
at 193 K, leading to 3b-PF, (Figure 3a,b, blue). At 238K,
a further intensity decrease by about 10 % is observed which
reflects the conversion of 3b-PF, to 2b-PF (Figure 3a,b, red).
This feature is assigned to the electric-dipole allowed
transition from Culs to the lowest-energy Cudp orbitals.*!
Through antibonding interactions deriving from the bridging
peroxo and oxo ligands, respectively, these orbitals are
partially shifted to higher energy, explaining the intensity
decrease of the peak at 8982.2 eV and intensity increase of
peaks at higher energy (Figure 3a). Concomitantly, a pre-
edge feature appears at 8977.5 eV for the Cu, 0, intermediate
that gets more intense upon conversion to the Cu,O species,
reflecting the emergence and further increase of Cu"
character (Figure 3b).">*! Similar observations are made
for 1a-PF, before and after reaction with dioxygen at 183 K
and 238 K (Section S8.1).

Further structural insights are provided by EXAFS
analysis. For the Cu0, and Cu,O complexes of 1b-PF, the
phase-corrected Cu K-edge Fourier transform of EXAFS can
be found in Figure 3¢ and 3d, respectively; the insets show
the k*-weighted Cu K-edge EXAFS. Similar results are
obtained for 1a-PF; (Section S8.1). Good agreement between
the data and the fits is obtained by use of theoretical models
with two acetone coligands for the Cu,0 and no solvent
ligands for the Cu,0, species. The most important bond
lengths and interatomic distances around the Cu centers
derived from Cu K-edge EXAFS are shown in Figure 4.
Apart from O—-O cleavage, the most significant structural
change relates to the Cu-Cu distance which decreases by
0.36 A upon going from the Cu,0, to the Cu,0 complex.

The ability of the mono-p-oxo complexes 2a and 2b to
catalyze the monooxygenation of hydrocarbons was evaluat-
ed with a range of aliphatic substrates exhibiting bond
dissociation energies (BDEs) from 75 to 82 kcalmol™'; i.e.,
9H-xanthene (XEN),[#44] 9,10-dihydro-anthracene
(DHA),** fluorene ****! triphenylmethane**! and di-
phenylmethane (DPM)*! (Table 2 and Section S10). A three-
step protocol was applied in these experiments, and quantifi-
cation was done by use of GC-MS (cf. Sections S2.8 and S10).
Addition of 20 equiv of xanthene (BDE =75 kcalmol ™) to
the Cu,O derivatives of 1a and 1b resulted in the conversion
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Figure 3. Gaining electronic and structural insights into the reaction of the Cu' precursors with O,. a) Cu K-edge XANES spectra of the precursor
1b-PF, before (black line, Cu') and after the reaction with dioxygen at 183 K (blue line, Cu,0,) and 238 K (red line, Cu,0) with enlarged pre-edge
region. b) Derivatives of the spectra given in (a), showing the XANES region in more detail (see text). c) Phase-corrected Cu K-edge Fourier
transform of EXAFS of 3b-PF at 183 K (red). Inset: k*-weighted Cu K-edge EXAFS of 3b-PF; (red). The best fit for both spectra is shown in blue.
d) Phase-corrected Cu K-edge Fourier transform of EXAFS of 2b-PF, at 238 K (red). Inset: k>-weighted Cu K-edge EXAFS of 2b-PF (red). The best
fit (blue) is obtained by using the theoretical model with two acetone ligands coordinating with their carbonyl O-atoms (O)s.
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Cu-(O)s: 1.99A

Figure 4. Key geometric parameters (selected bond lengths and
Cu--Cu distances) of the oxygenated complexes (2b and 3b) of 1b-PF,
based on EXAFS data. The pyridine rings have been omitted for clarity
and simplified by the N-donor atoms.

to 9H-xanthen-9-one (XON). Yields between 7 and 13 %,
corresponding to a TON of 1-3, were obtained (Table 2).
Subsequently, the activities of 2a and 2b towards the
conversion of DHA (BDE =78 kcalmol !) to 9,10-anthra-
quinone (AQ) were tested. Employing 10 equiv of DHA led
to TONs between 2 and 5 (11-24 %), the highest TON being
achieved with 2b-OTf (Table 2 and Scheme 3).

To confirm that the AQ oxygen atoms derive from
dioxygen, these experiments were repeated with '®O, instead
of %0,, leading to a shift of the AQ peak in the HR-EI MS by

Angew. Chem. Int. Ed. 2021, 6o, 14154—14162

Table 2: Catalytic activity for the oxygenation of hydrocarbons. Overview
of the obtained data for the catalytic activity of the model systems 2a and
2b towards various substrates.

BDE Substrate—Product  TONF TONH

[kcal mol™'] 2a-PFg/2a-OTf  2b-PF¢/2b-OTf
75 XEN—XON 1/3 1/2

78 DHA—A 3/2 2/1

78 DHA—AQM 3/2 4/5

82 DPM —Ph,CO 2/2 2/2

General remarks: Conditions: 1 equiv of 2a or 2b and 20, 10 or 50 equiv
of XEN, DHA or DPM, respectively, were applied (cf. Section S2.8). Blind
reactions were also performed using [Cu(CH;CN),]PF, or [Cu-
(CH;CN),]JOTfand O, instead of 2a or 2b. All control experiments lead to
poorer results compared to the activity with 2a or 2b (see Table S17). For
abbreviations see text. [a] TON =Turnover Number; is defined as the
equiv of product made per equiv of catalyst (=Cu,0 complex).

[b] 10 equiv of DHA were used; representing 20-fold excess of substrate.
The given TON refers to the initially formed disecondary alcohol and
does not include the subsequent oxidation.

4 mass units (Section S10.3). As a side reaction the formation
of anthracene (A; 6-14 % corresponding to a TON of 1-3) via
double H-atom transfer (HAT) was observed (Scheme 3,
left). This dehydrogenation as well as two-electron oxidation
of the initially formed disecondary alcohols generate water
(Scheme 3), which possibly deactivates the catalyst.!*!
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Scheme 3. Reactivity studies and proposed mechanism for the oxygen-
ation of DHA. Reaction of DHA in the presence of the Cu,O catalyst
leads to anthraquinone (AQ) via a disecondary alcohol (9,10-dihydroxy-
9,10-dihydroanthracene) which is formed as primary oxygenation
product. The subsequent oxidation may also be catalyzed by the Cu,O
species (right). As a byproduct, anthracene is formed by twofold H-
atom abstraction proceeding without O-transfer (left). In all reactions
the formed Cu'—Cu' species are re-oxidized to the Cu,0O complex with
O,, following the pathway of Scheme 2. In contrast to the actual
monooxygenation reaction (top), both the twofold two-electron oxida-
tion of the disecondary alcohol and the double HAT generate water
which may deactivate the catalyst. Inset: Simplified structure of the
Cu,O complex showing the orbitals involved in the substrate oxygen-
ation, i.e., the d,._. orbitals of the copper centers and the p,, p, and p,
orbitals of the oxo ligand. L=coordinating solvent molecule (C;HO).

To clearly demonstrate that the Cu,O species is the actual
source of the oxygen atom incorporated into the substrate, we
performed reactivity studies towards DHA under anaerobic
conditions. Before adding DHA, the solution was purged with
N, to remove dioxygen, and the further reaction was
performed anaerobically. Importantly, GC-MS analysis
showed a conversion to AQ similar to that obtained in an
analogous experiment where O, was present during reaction
with the substrate (Table S20). Moreover, the formation of
AQ could also be detected if N,O was employed instead of O,
to generate the Cu,O intermediate (Section S10.4).

Oxygenation of 50 equiv of diphenylmethane (BDE =
82 kcalmol ') led to benzophenone (Ph,CO) with a TON of
2 for all catalysts (Table 2). In order to theoretically explore
whether our Cu,O complexes may also be able to break the
C—H bond of substrates with higher BDEs than diphenyl-
methane the O—H bond dissociation free energy (BDFE) of
the p-hydroxo Cu'/Cu" complex resulting from HAT to the
Cu,0 complex was determined by DFT (Section S9.4).
Notably, this calculation gave a value of 111 kcalmol !, even
exceeding the CH-BDFE of methane (96 kcalmol™")."

The origin of this strong HAT activity lies in the geometric
and electronic structure of this species. In particular, the
doubly filled, in-plane p, and p, orbitals of the bridging oxo
group each overlap with a singly occupied Cu-d,._,» orbital,
representing the SOMO of each copper-containing subunit
(Scheme 3, inset). Upon approach of a C—H group from the
substrate to the oxo group, one electron shifts from O-p, to
the right copper (or O-p, to the left copper; cf. Scheme 4).
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Scheme 4. Proposed reaction mechanism for the hydrocarbon-to-alco-
hol conversion. Starting from the Cu,0 complex and the hydrocarbon
(RH), a transition state (TS I) is proposed leading to the Cu,OH
complex. In the next step, the R radical binds to the mixed-valent
Cu,OH species, leading to TS Il and finally the alcohol (ROH) is
released. The reaction can proceed again, when the dicopper(l)
complex Cu, is reacted with dioxygen.

This leaves a single electron in the respective p orbital which
abstracts an H-atom from the substrate, forming an O—H
bond and an alkyl radical.'*>!

In the second step one electron shifts from the other
doubly occupied, in-plane oxygen p orbital to the remaining
Cu" center and a C—O bond is formed with the alkyl radical
generated in the initial HAT process. As a result, one O-atom
is inserted into the C—H bond of the substrate, and the
oxygenated product (i.e., the alcohol) is weakly bound to two
closed-shell Cu' centers, allowing its facile release. A new
catalytic cycle starts with the bonding of O, to the dicopper(I)
complex, regenerating the active Cu,O species (Scheme 4).

Conclusion

Copper-dependent monooxygenases like pMMO trans-
form inert C—H bonds under ambient conditions, using
dioxygen and NAD(P)H. Thereby one oxygen atom of O, is
incorporated into the substrate and the other oxygen atom is
converted to water. In this study we describe small-molecule
dicopper(I) complexes which also oxygenate hydrocarbons to
the corresponding alcohols and ketones in the presence of
dioxygen. In contrast to the enzyme, however, both oxygen
atoms of O, are transferred to the organic substrates and no
reductant is needed. Using a range of solution spectroscopies,
we monitor the initial binding of O, in a tetranuclear copper
intermediate as well as its homolytic cleavage, leading to two
mono-p-oxo dicopper(IT) complexes which in turn catalyti-
cally oxygenate a variety of hydrocarbons. Although the
BD(F)Es of these are well below that of methane, the
calculated BDFE of our Cu,O species exceeds the C—H
BDFE of the latter substrate. This derives from their unique
electronic and geometric structure, allowing facile electron
transfer from doubly occupied O-2p orbitals into singly
occupied Cu-d,._. orbitals upon approach of the substrate. In
combination, the formation of highly reactive Cu,O species
from dioxygen and their catalytic oxygen-transfer activity to
hydrocarbons establish an unprecedented, 100 % atom-eco-
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nomic scenario for the monooxygenation of organic sub-
strates from gaseous O,.
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