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Reactivity of copper(lll)-oxo complexes in the gas phase

Ghazaleh Yassaghi, Erik Andris and Jana Roithova*

Abstract:

We show an efficient way to generate [(L)CuO]* complexes with
a number of monodentate and bidentate ligands L from their
[(L)Cu(ClO3)]" precursors by electrospray ionization. Further, we
studied [(L)CuO]" with L = 9,10-phenanthraquinone, 1,10-
phenanthroline and acetonitrile in detail. The signature of these
terminal copper-oxo complexes is elimination of the oxygen
atom upon collisional activation. We have investigated and

1. Introduction

Hypervalent metal-oxo complexes attract attention of many
chemists because of their high reactivity."*! Most importantly,
these complexes are capable of mediating C-H activations or act
as oxygen transfer reagents.’®” Another interesting field is water
oxidation and several potential catalysts based on a metal-oxo
moiety have been investigated.®**

The reactivity of the terminal metal-oxo complexes is
largely influenced by the metal involved and many fundamental
studies have been devoted to this topic.l**'*®] Most of the
catalysts developed on these grounds are based on iron(IV)-oxo
motif, but studies exist for almost all 3d metals> ! - the
resisting metal being copper. Theoretical as well as the gas
phase studies predict a particularly high reactivity of the
copper(lll)-oxo complexes due to a small Cu-O binding
energy™ ¥ and the predicted single-state reactivity in reactions
with hydrocarbons.*! potent reactivity is also expected based
on numerous enzymes that use one or more copper centers in
oxidation reactions (e.g. copper monooxygenase, multicopper
oxidases, particulate methane monooxygenase).[?2%

Copper(lll) intermediates are predicted to play an
important role in many copper-catalyzed reactions.t?*! Many
reaction mechanisms are rationalized based on theory, because
experimental detection of neutral or positively charged
copper(lll) intermediates is challenging. Stable copper(lll)
complexes prepared so far rely on highly stabilizing planar
tetradentate ligands.”>*” Recent years also brought a success
in the field of investigation of negatively charged Gilman
cuprates.®*? As far as the application of copper(lll) complexes
for oxidation catalysis is concerned, Tolman and coworkers
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compared their reactions with water, ethane, ethylene and 1,4-
cyclohexadiene. The [(CHsCN)CuO]" complex can oxidize water
and perform C-H activation and hydroxylation of ethane. The
complexes with bidentate ligands do not react with water and
can oxidize only larger hydrocarbons. All the investigated
complexes show comparable reactivity in the oxygen transfer
reaction with ethylene.

developed an approach based on electrochemical oxidation of a
[(L-2H)Cu"-OH]™ complex, where (L-2H) is a bis-deprotonated
pincer ligand.l*®! The generated [(L-2H)Cu"-OH] complexes
activate C-H bonds.**! Another important group of copper(lil)
species belongs among dinuclear p-oxo complexes. %!
Schwarz and coworkers were able to generate bare CuO*
ions in the gas phase and show their reactivity with methane.’*”
Another system studied in the gas phase is the [(phen)CuO]"
complex (phen = 1,10-phenanthroline). The [(phen)CuO]
cations can be generated as a mixture of the reactive
[(phen)Cu"-O]" ions and isomers with an oxidized ligand,
[(phen®™)Cu* (see Scheme 1).%%*°] The phenanthroline ligand
suppresses the reactivity of the [Cu-O]" core compared to the
bare ion: The activation of methane is not possible, but
fluoromethanes or alkanes starting with propane readily undergo
the desired C-H activation.’®**! The high reactivity of the
[(phen)Cu"-O]" complex is also reflected by its self-oxidation,
which leads to the hydroxylation of the ligand and the formation
of the [(phen®)Cu'" isomer.1*%
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Scheme 1. Generation of the [(L)CuO]" complexes (L = PQ, phen, acetonitrile,
acetone, methanol, tetrahydrofurane and N,N-dimethylformamide) by in-
source fragmentation during electrospray ionization and structures of the
generated complexes.

Here, we will show an approach to generate new
copper(lll)-oxo complexes and we will compare their reactivity in
C-H activation reactions, oxygen transfer reactions, and water
oxidation reactions.



2. Results and Discussion

2.1. Generation of the [(L)CuO]" ions. The previously reported
[(phen)Cu"-O]" ions were generated from the [(phen)Cu"(NO3)]*
precursors by their collisional induced dissociation (CID).%44
The NO;" elimination, leading to the required [(L)Cu"-O]" ions, is
a minor channel. The competing fragmentation is the loss of the
NOs" radical. We wanted to increase the yield of the [(L)Cu"-O]"
product ions and therefore we tested chlorate and perchlorate as
counter ions in the fragmentation reaction. We performed the
test experiments with complexes bearing 9,10-
phenanthraquinone (PQ) ligand. The [(PQ)Cu(X)]" complexes
were generated from methanolic solutions of PQ and the
corresponding CuX, salt (X NOsz;, ClOs and CIOs) by
electrospray ionization. Comparison of the CID experiments with
mass-selected [(PQ)Cu(NO3)T", [(PQ)Cu(ClO]* and
[(PQ)Cu(CIO3)]* clearly shows that the use of chlorate counter
ion is superior to the other alternatives (Figure 1).
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Figure 1. CID spectra of mass-selected a) [(PQ)Cu(NOs)]" (m/z 333), b)
[(PQ)CU(CIOL]" (M/z 370) and c) [(PQ)Cu(ClOs)]" (m/z 354). Collision gas: Xe;
pressure: 0.2 mTorr; collision energy 5 eV (center-of-mass frame).

For further experiments, the hypervalent copper(lll)-oxo
complexes were generated by CID in the ion source. It means
that the ions are generated by electrospray ionization in the
usual way, but the transfer ion optics (lenses, capillary) are set
to a high potential difference. The generated ions are thus
accelerated in the ion-source region and undergo collisions with
nitrogen (used as a sheath gas). The use of copper(ll) chlorate
enabled us to generate a series of [(L)CuO]* complexes with L =
PQ, phen, acetonitrile, acetone, methanol, tetrahydrofurane and
N,N-dimethylformamide.
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The copper(lll)-oxo complexes have a characteristic CID
pattern: The weak Cu-O bond easily cleaves and the oxygen
atom is eliminated. Figure 2 shows such CID patterns for the
[(CH3CN)CuO]" and [(PQ)CuO]" complexes; the CID spectra of
the remaining complexes can be found in the Supporting
Information (Figures S4a-d). The dominant fragment in the CID
spectra of most of the [(L)CuO]" complexes is [(L)Cu]*. The
oxygen elimination can compete with the elimination of the
ligand L. This channel is efficient only for monodentate ligands L
(e.g. acetonitrile, Figure 2a). In the CID spectrum of [(PQ)CuO]*,
the weak competing channel most probably corresponds to
decarbonylation of the ligand and formation of [(PQ-CO)CuO]"
(Figure 2b). Decarbonylation can be a sign of hydroxylated
aromatic ring. In the CID spectrum of the [(phen)CuO]* complex,
decarbonylation is the dominant channel. It is due to the isobaric
impurity of the [(phen®)Cu]” ions (see Scheme 1) that
undergoes decarbonylation of the hydroxylated aromatic ring
(Figure S3).
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Figure 2. CID spectra of mass-selected a) [(CHsCN)CuO]" (m/z 120) and b)
[(PQ)CuUO]" (m/z 287) with the dominant loss of the oxygen atom. Collision
gas: Xe; pressure: 0.2 mTorr; collision energy: 10 eV for [([CH;CN)CuO]" and 6
eV for [(PQ)CuO]" (both in the center-of-mass frame).

2.2. Structure of the [(PQ)CuO]" ions. Previous investigation of
the reactivity of ligated copper(lll)-oxo complexes in the gas
phase was done with the [(phen)CuO]® complex. It can be
understood as a “benchmark” complex in the field, but it has a
serious pitfall too. It is always generated together with the
isomeric ions [(phen®)Cu]” (Scheme 1). Genuine reactivity of the
[(phen)CuO]* complex can be studied only if the [(phen®)Cu]*
isomers are separated out by the ion mobility technique.?”*%

The phenanthroline ligand is oxidized during the
generation of the [(phen)CuO]" complex by a self-oxidation
mechanism.® The copper-bound oxygen atom abstracts a
hydrogen atom from the neighbouring aromatic carbon atom. In



order to supress this reactivity, we have turned our attention to
an alternative bidentate ligand — 9,10-phenanthraquinone. In this
ligand, the closest C-H group is much further away from the
coordination site and therefore the simple self-oxidation should
not be possible.

The structure of the generated [(PQ)CuO]" complexes was
checked by infrared multiphoton dissociation (IRMPD)
spectroscopy (Figure 3).12"**] Comparison of the experimental
spectrum and the DFT (density functional theory) calculated
spectra shows a very nice agreement with the triplet state of the
copper(lll)-oxo complex ([(PQ)CuO]"). The IR spectra of
possible copper(l) isomers with oxidized ligands display a
phenolic C-O stretching vibration and C-O-H deformation
vibration in the 1200 — 1350 cm™ range. It is nicely visible in the
theoretical spectrum of the most stable singlet-state isomer in
Figure 3c (for other isomers see the Supporting Information,
Figure S19). The same spectral features led previously to the
identification of the [(phen®™)Cu]* isomer (Scheme 1).* This
vibration is not present in the experimental spectrum of
[(PQ)CuO]*. We therefore conclude that the self-oxidation of the
[(PQ)CuO]" complex is supressed and the generated ions in
majority correspond to the copper(lll)-oxo complexes.
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Figure 3. Comparison of a) the IRMPD spectrum of the [(PQ)CuQ]" complex
and b,c) theoretical gas phase IR spectra of selected isomers of [(PQ)CuO]"
(B3LYP-D3/6-311+G**; the scaling factor was 0.986; the line spectra are
folded with a Gaussian function with fwhm = 15 cm'l).

2.3. Reactivity of the [(L)CuO]" ions. We have investigated
properties of the copper(lll)-oxo complexes in reactions with
water, ethane and ethylene. We compared complexes with the
monodentate ligand acetonitrile and the bidentate ligand PQ.
Also, we measured the reactivity of the “benchmark complex”

with the phen ligand keeping in mind that only part of the
generated ions is reactive. The aim is a qualitative comparison
of the reactions, so we investigated them at similar conditions.
The ions were generated at similar ionization conditions (the
identical conditions for given reactant ions). Kinetic energy
distribution was typically 1 eV (full width at half maximum in the
laboratory frame) and the collision energy was nominally 0 eV
(Figure Sb).

2.3.1. Reaction with H,O. The most reactive complex is
[(CHsCN)CuO]". The dominant channel in the reaction with
water is the formation of H,O, (Reaction 1). It can be observed
as a loss of the oxygen atom followed by addition of another
water molecule (red peaks in Figure 4, addition of water is
indicated by the blue arrows). A minor reaction pathway leads to
the naked Cu® ion (Reaction 2). The copper ion in the
subsequent steps associates with one or two water molecules.
Both reaction channels have largest cross sections at nominally
zero collision energy (Figure S12).

Bimolecular reactions favoured at low collision energies
are those that form a reaction (collisional) complex and that do
not require an additional energy to surmount a reaction barrier or
to form endothermic products. The data observed here thus
mean that the reaction between [(CH3CN)CuO]" and H,O
proceeds via a collisional complex and is exothermic. Our
experimental conditions enable stabilization of the collisional
complex by subsequent collisions with the reactant gas in the
collision cell. We can observed this effect as signals of the
association products ([(CH3;CN)CuO(H.0)]*). The dependence
of the cross sections for the product formations on the reactant
gas pressure is either linear or the yield is fading away with the
increasing pressure (see Figures S12 — S18). It suggests that
the collisional complex is not formed in the three-body
association, but rather stabilized in subsequent collisions. This is
a general feature of all reactions studied here.
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Figure 4. Reaction of mass-selected [(CH;CN)CuO]* (m/z 120) with H,O, D,O

and H,™%0 (Econ = 0 eV, P(H20) = 0.2 mTorr). The star symbols refer to adducts

formed with background gases.




Reactions between the [(L)CuO]" complexes (L = phen or
PQ) and water lead neither to the water oxidation nor to the
production of the naked copper ion. Instead, we only see a
reversible addition/elimination of water leading to the oxygen
atom exchange (Reaction 3). It can be clearly observed in the
reaction with H,"®O that provides (contrary to the reactions with
H,0 or D,0) product ions with Am/z +2 (Figure 5 and S11-S17).

[(LYCUO]* + H,"0 — [(L)CUO(H,®0)]* - [(L)Cu*®0]* + H.0 (3)
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Figure 5. Reaction of the mass-selected [(PQ)CuO]" ions(m/z 287) with H,'®0
(Ecm =0 eV, P(H20) = 0.2 mTorr).
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2.3.2. Reaction with ethane. The smallest alkane that
undergoes C-H activation with [(CH;CN)CuO]" is ethane (Figure
6). It does not only abstract one hydrogen atom (Reaction 4), but
it also completes the reaction by the rebound of the ethyl radical
with the hydroxyl group evidenced by a formal loss of the
oxygen atom (Reaction 5). We have also detected double
hydrogen abstraction leading to the dehydrogenation of ethane
(Reaction 6).

[(CH3CN)CuO]* + CoHg — [(CH3CN)Cu(OH)]* + CoHs' (4)
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Figure 6. Reaction of mass-selected [(CHzCN)CuO]" (m/z 120) with C;Hg (Ecol
=0 eV, P(C;Hg) = 0.2 mTorr). The insets show the pressure dependence (Eco
= 0 eV) and the collision energy dependence (P(C,Hgs) = 0.2 mTorr) of the
relative reaction cross sections (color-coded).

The collision energy and the pressure dependence of the
double hydrogen abstraction channel show that it proceeds via a
collisional complex (the insets in Figure 6). The relative cross

section of this channel drops rapidly with the increasing collision
energy. At the zero collision energy, the vyield of
dehydrogenation increases almost linearly with the C;Hs
pressure. The [(CHsCN)Cu(H2O)]* product ion can also be
formed as a secondary product in reaction of the [(CH3CN)Cu]*
product ion with background water molecules (water can be
present as a background gas in the collision cell). Such scenario
was excluded by a labelling experiment. The reaction of **0
labelled reactant ion [(CHsCN)Cu*0O]* with C,Hs leads to the
corresponding [(CHsCN)Cu(H»*®0)]* product ion (Figure S7).
The secondary reaction would be expected to yield the
[(CHsCN)Cu(H2'**0)]* ion.

The single hydrogen abstraction channel has an interesting
collision energy profile (red line in the left inset in Figure 6). The
maximum cross section for the formation of [(CH3sCN)Cu(OH)]*
is at zero collision energy, but it does not decrease with the
increasing collision energy as observed for all other reaction
channels. After a somewhat decrease, the cross section starts to
increase again with the increasing collision energy. It means that
the reaction proceeds via a collisional complex at low collision
energies like all other reaction channels. At larger collision
energies, it can probably proceed as a direct H-abstraction
without the formation of a complex. On contrary, the subsequent
reaction (rebound) step leading to ethanol and [(CHsCN)Cu]" is
effective only at about zero collision energy. At larger collision
energies, the minor abundance of [(CHsCN)Cu]® is due to
collision induced dissociation of the parent ions (Figure S2b).
The complexes with PQ and phen ligands are less reactive. It
was shown previously that [(phen)CuQ]* can activate propane
and larger hydrocarbons (also: see Figure S6 for the reaction
with 1,4-cyclohexadiene).

2.3.3. Reaction with ethylene. Epoxidation of olefins is another
typical reactivity of hypervalent metal-oxo complexes.“>“® Figure
7 shows that all of the studied complexes readily undergo
oxygen transfer with ethylene (Reaction 7). All spectra show the
formation of the oxygen transfer products [(L)Cu]® (in red in
Figure 7 and Figure S11) and their secondary adducts with
ethylene [(L)Cu(C:H4)]* (highlighted by green). Based on the
mass of the detected products we cannot distinguish whether
the oxygen-transfer products correspond to ethylene or its more
stable isomer acetaldehyde.

[(LYCUO]* + CoHs — [(L)Cu]* + C,H,O @)
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Figure 7. Reaction of mass-selected a) [(CHsCN)CuO]" (m/z 120) and b)
[(PQ)CuO]" (m/z 287) with CoH, (Econ = 0 eV, P(C,H4) = 0.2 mTorr). The insets
show the pressure dependence (E.,i = O eV) and the collision energy
dependence (P(C;Hg) = 0.2 mTorr) of the relative reaction cross sections
(color-coded).

2.3.4. Comparison of the reactivities. Finally, we have
compared relative cross sections in all studied reactions
obtained under the same conditions. The values in Table 1
represent sums of the relative cross sections of all channels
corresponding to the oxygen transfer reactions to the substrate
(OAT) or to the sum of OAT and HAT (hydrogen transfer)
reactions (for all results see Table S1). The total relative cross
sections in all reactions of [(CH3CN)CuO]* are similar despite
the fact that the reactions have distinctly different reaction
pathways. It is consistent with a view that reactions proceed with
the collision rate.

Table 1. Comparison of the total relative cross sections (o) for oxygen atom
transfer (OAT) and hydrogen atom transfer (HAT) reaction of copper(lll)-oxo
complexes with H,0, C,H,, and C,He.?

Reactant H,O CoHy CoHsg
[(L)CuOT* ol (OAT) Grel’ (OAT) orel’ (HAT + OAT)
L = CHsCN 0.17 £0.03 0.24 £0.10 0.14 £0.01
L=PQ - 0.23+0.05 -

L = phen - [0.111° -

? Pressure of neutral reactants was 0.1 mTorr. Collision energy was 0 eV.
® Note that mixture of [(phen)CuO]* and ions [(phen®)Cu]* was investigated.

Reactivities of the studied complexes in reactions involving
hydrogen atom transfer as the first step (water oxidation and
hydrocarbon hydroxylation) are significantly influenced by the
ligand at the Cu-O" moiety. As discussed above, the bidentate
ligands switch off the water oxidation reaction and do not allow
C-H activation/hydroxylation of ethane (only larger hydrocarbons
are activated). On the other hand, pure oxygen transfer reaction
in epoxidation of ethylene seems to be almost unaffected by the
ligand. The complexes [(CH3CN)CuO]* and [(PQ)CuO]* display

the same relative reaction cross sections within the experimental
error. The reactivity of the [(phen)CuQ]* complex is seemingly
smaller, but this is a consequence of the investigation of a
mixture of [(phen)CuO]* and unreactive [(phen®)CuQ]*. Hence,
oxygen-transfer reaction probably proceeds for all complexes
with efficiency close to the collision rate.

2.4, DFT calculations. We have investigated all reactions
described above using DFT calculations. Potential energy
surface for the reaction of [(CHsCN)CuO]* with ethane is in the
Supporting Information (Figure S22). The mechanism of this
reaction is analogous to the previously published HAT and OAT
mechanisms between metal-oxo complexes and
hydrocarbons.®¢#” We will discuss the reaction with water and
ethylene in detail here.
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the triplet and singlet states, respectively. The relative energies are given in
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Reaction of [(L)CuO]" (*1.) with water first proceeds on the
triplet potential energy surface to the formation of adduct
[(LYCUO(H:0)]" (*2., Figure 8). This complex can undergo a
reversible rearrangement (via transition structure 3TS2/3,) to the
dihydroxo intermediate ([(L)Cu(OH),]" (3.). This complex has a
singlet ground state (*3.) and is very close in energy to the
primary adduct 32,. Reaction can further proceed on the singlet
potential energy surface towards the coupling of two OH groups
to form hydrogen peroxide. The energy barrier for this process



(4TS3/4,) is below the energy of the initial reactants for the *1acn
complex, whereas it lies above the available energy for the *1p¢
complex. This nicely explains why >1cy oxidizes water, whereas
%150 provides only oxygen exchange by reversible
rearrangement of 320 t0 *3po/*3po. The final elimination of H,0,
from the '4acy cation has to be assisted by another water
molecule (Figure 8a).

A plausible explanation for the minor channel in the reaction
between the *15cy cation and water that leads to the bare copper
ion can stem from the oxidation of the acetonitrile molecule.
Upon coordination of water to the copper ion, the oxygen atom
can insert into the copper-nitrogen bond. This highly exothermic
process leads to [(CH3CNO)Cu(H.O)]". Rearrangement of

acetonitrile N-oxide to methyl isocyanate (CH3;NCO) and its
subsequent hydration to methyl carbamic acid releases even
more energy, which could probably explain the observation of
bare and hydrated copper ions (for our exploratory calculations
see Figure S21).
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Figure 9. B3LYP-D3/6-311+G** potential energy surface for the reaction of
[(PQ)CuO]" with ethylene. The blue and red lines are for the triplet and singlet
states, respectively. The relative energies are given in eV at 0 K.

The reaction of [(PQ)CuO]* with ethylene is to a certain
degree similar to the previously published reaction of Ag,O" with
ethylene (Figure 9).*® The reaction proceeds via an
intermediate with a 4-membered ring (*9p0). Its formation is
associated with a spin crossover from the triplet PES to the
singlet PES. This intermediate can rearrange to form either an
ethylene oxide complex '10pq or acetaldehyde complex *11pq.
The epoxide product *10pq is formed via a negligible energy

barrier (*TS9/10p0), whereas the rearrangement to acetaldehyde
requires energy of about 1 eV (*TS9/11p0). The former process
is therefore kinetically favoured. The acetaldehyde product is
favoured thermodynamically. Energy barriers for both reaction
pathways lie well below the energy of the reactants and
therefore both can surmounted under the conditions of gas
phase experiments.

3. Conclusions

We have shown that hypervalent copper(lll)-oxo complexes
can be easily formed in the gas phase from their copper(ll)
chlorate precursors. We demonstrated it by generation of a
series of [(L)CuO]* complexes with various monodentate and
bidentate ligands L. Further, we investigated reactivity of
[(L)CuO]" (L = CH:CN, PQ, phen) with water and with
saturated/unsaturated hydrocarbons. In reactions with water and
alkanes, the complex with acetonitrile is more reactive than the
complexes bearing bidentate ligands. We show that
[(CHsCN)CuO]" is capable of oxidizing water to hydrogen
peroxide, whereas [(PQ)CuO]" and [(phen)CuO]" provide only
oxygen exchange reaction. The [(CH3CN)CuO]" complex is
capable of C-H activation and hydroxylation of ethane. All
complexes readily undergo oxygen transfer reactions with
ethylene at comparable rates. All reaction mechanisms were
investigated with DFT calculations. The results perfectly explain
the observed reactivity trends.

4. Experimental and Theoretical Details

Mass Spectrometry. The experiments were performed with
TSQ 7000 (Finnigan) equipped with an electrospray ionization
(ESI) source."®*! solutions were introduced into the instrument
via a fused-silica capillary at a rate of 1.5 pyL min™. ESI
parameters were: spray voltage 4 kV, sheath gas pressure 70
psi, ho auxiliary gas, capillary voltage 0 V, capillary temperature
150 °C and tube lens 140 V. The [(L)CuO]® cations were
generated by electrospray ionization of a methanol solution
containing a ligand (L = PQ or phen, ¢ = 0.5 mM) and copper(ll)
chlorate (~0.3 mM, ~0.3 M stock solution was prepared by
mixing 0.58 M solution of KCIO3 in water with 1 equivalent of
Cu(ClO4)2.6H,O and filtering out the precipitated KCIOyu).
[(CHsCN)CuO]" was generated similarly, but no ligand was
added and acetonitrile was used as solvent. Preparation of other
complexes [(L)CuQ]" is described in the Supporting Information.
TSQ 7000 has a quadrupole—octopole—quadrupole geometry
allowing MS and MS/MS experiments (collision induced
dissociation — CID — experiments and reactivity studies). For the
MS/MS experiments, the reactant ions were mass-selected by
the first quadrupole and guided through the octopole collision
cell. The pressure of the gas in the collision cell was measured
by a baratron. The collision energy was set by the potential
offset between the octopole and the ion source. The offset
corresponding to zero collision energy was determined by
retarding potential analysis.[*®! The reactant as well as the
product ions were mass-analysed by the second quadrupole and
detected by a Daly-type detector. The relative cross sections
were obtained from the determined ion abundances [; according



to Equation 1, where |; is the abundance of the product ions i
and lp is the abundance of the parent ions (index n is used,
when a sum of abundances of all product ions |; is calculated).

0i = -In(1- Zhy / (Tho+ 1)) I =, (Equation 1)

The relative cross sections in Figures 6, 7 and Figures S8-S18
in the Supporting Information are determined according to
Equation 2.

ai = l/(Zln+ Ip) (Equation 2)
IRMPD spectroscopy. The experiments were performed with a
Bruker Esquire 3000 ion trap mass spectrometer mounted to a
CLIO (Centre Laser Infrarouge Orsay) free electron laser (FEL).
Detailed description of this apparatus is available elsewhere.®"
We used the same approach to prepare the solutions for the
IRMPD measurement as mentioned above. The [(PQ)CuO]" ions
were generated by ESI, mass selected and stored within the ion
trap, where they were irradiated with infrared light. The FEL was
operated at 44 MeV electron energy, which provided light in the
900-1800 cm™ range. Spectral resolution was 15-20 cm™ (full
width at half-maximum, fwhm).[%?'5%] The dominant photo-
fragmentation was the loss of the oxygen atom. The IRMPD
spectrum (Figure 3a) was obtained as a dependence of the
fragmentation abundance on the IR photon energy.

DFT Calculations. All calculations were performed with
density functional theory method B3LYP®**! with D3 empirical
correction for dispersion interactions®™® as implemented in the
Gaussian 09 package.®® The geometries were first optimized
with the 6-31G* basis set and then re-optimized with the 6-
311+G** basis set. At both levels, frequency calculations were
performed to characterize the minima/transition states and to
obtain theoretical IR spectra for comparison with the
experimental data. The B3LYP-D3/6-311+G** IR spectra are
scaled by 0.986.°7 The transition state structures were further
characterized by intrinsic reaction coordinate calculations.'®” The
relative energies are given in eV at 0 K. Optimized geometries
are given in a separate XYZ Supporting Information file (the
structures can be visualized by standard visualization
programs).
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Electrospray ionization of copper chlorate salts is an efficient way to generate
variety of [(L)CuO]* complexes with monodentate or bidentate ligands L. We show
that the [(acetonitrile)CuO]* complex can oxidize water. Further, we show that
oxygen transfer reactions are less influenced by the nature of the ligand L than the
hydrogen transfer reactions.
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