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Abstract: Currently up in the agenda of sustainable teatgies, CyO (x = 1,2) nanomaterials with tailored
composition and properties may be fabricated fromlegular sources through bottom-up processes imglv
unexpected changes in the metal oxidation statedyiyan intriguing challenges on the copper redoetabtry. How
coppefll) sources may lead teoppefl) species in spite of the absence of any exptaitucing agent, and even in the
presence of oxygen, is one of such questions -ate dnanswered. In this work, we have studied cofreéeuction
without reductants” within one molecule and revdatleat the actual reducing agent is abstracted iatbgdrogen.
Investigating the fragmentation of a copper(ll) quiesor for copper oxides nanostructures by combledtrospray
lonization Mass Spectrometry with multiple collisad experiments (ESI/M$ and  theoretical calculations, we
highlighted a copper-promoted C-H bond activatleading to reduction of the metal center and foiomaof a Cl+C-
NCCN six-membered ring. Such a novel ring systeiihe structural motif for a new family ofatic copper(l)
adducts which show a bonding scheme, herein rapéotethe first time, that may shed unprecedenigit lon copper
chemistry. Beyond its relevance for the preparatibmopper oxide nanostructures, the “hydrogenrabgbn-proton
delivery-electron gain” mechanism of copper(ll) wetion here disclosed appears to be a general gyopEcopper

and might help to understand its redox reactivity.
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Introduction

Molecular-level understanding of complex chemicadrés is the key for optimally designing and coltitig processes
of great technological relevance, such as molemiteanosystem conversion approacfiésNovel and unexpected
reactivity at the gas-solid or liquid-solid intecés may indeed enable the development of matenidls unique
structure and properties for new applications. Agqthe flourishing of advanced systems obtained bieoular routes,
nanostructures based on copper(l,Il) oxides@with x = 1,2) deserve major attention for their broadstisehe field
of sustainable developméfit” Copper(ll) oxide is indeed an ideal candidatetfa fabrication of optical switches,
photoconductive devices, sensors and Li-ion batedue to its excellent electrical and optical prtps® Solar
radiation may also be converted into storable chalm@nergy by CuO nanomaterials, making thus féasippdrogen
generation by photo-assisted roult8sEcocompatibility is a distinctive feature even @m0, an excellent catalyst for
the photodegradation of organic pollutants undesible light, whereas copper and copper oxide nanicfes
embedded in silica matrices further extend the rieldyical applications of such materi#f$. In the design of
nanoarchitectures for the production of advancedicds, the ability to develop Cu-O systems with toolted
composition and nano-organization is crucial, e kck of information on the underlying chemicabqesses still
hampers a systematic and knowledge-based desigabdtation procedurd&®™® Very little is known about the
microscopic routes turning molecules into mateyiafpecially when redox changes occur and unexgh@ctalucts are
obtained. For example, the formation of copperflgaes from copper(ll) sources in the absence gf explicit
reducing agent - observed in many experiments emdpme cases, even under oxidizing conditions s-leen an
intriguing chemical enigma since the early agedatfom-up technologids:*****%|n spite of many progresses, the
evolution of the copper oxidation state from theqursor to the material is still matter of spedalaand the strange
case of copper reduction ‘without reductants’, agimg piece in the basic chemistry of this elemstilt, remains an
open and intriguing challenge. The observation l$§ tsurprising phenomenon, detected for severatiction
approaches under different conditions, suggeststtharigin should lie in the copper molecular sms themselves. On
this basis, we challenged the ‘reduction withoutuetants’ enigma at the single molecule level ambrt herein the
first observation of a Cu— Cu reduction within one molecule and without any ex# reducing agent.

Our case study is theg-diketonate diamine complex of copper(ll) with hfa,1,1,5,5,5-hexafluoro-2,4-
pentanedionate) and TMEDANN,N', N'-tetramethylethylenediamine) [Cu(hg8)y MEDA)], a successful example of
copper molecular precursor with favourable propsrfor the growth of GO (x = 1,2) nanostructurds:*® Here, the
copper(ll) center is octahedrally coordinated burf@xygen and two nitrogen atoms (see Figure lfeghated
experimental and computational analyses have rgcenabled us to clarify the bonding structure bé tabove
compounét” and to grasp some appealing aspects of its aciivat “hot” surfaces, a relevant issue for Chelnica
Vapor Deposition (CVD) processes where the surfaicéhe growing material can further enhance thecymsor
reactivity!*® In spite of such advancements, its actual decoitipogpathway on a molecular scale remains so far
unknown.

By a powerful combination of ESI/MSexperiments and theoretical investigations, thiskwestablishes the gas
phase fragmentation mechanism of the precursor lexnprovides key elements to tackle its convergsimmropper
oxides nanostructures, and reveals how copper tieduwithout reductants occurs. We will show thhe tactual

reducing agent is hydrogen, which is extractecaraatom, from a ligand and collected, as a prdtgranother ligand
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within the same molecule, so that no external rehicis needed. In the specific, copper(ll) gainsetectron by
assisting a simultaneous C-H bond cleavage - igtartl proton transfer, leading to a new coppegttal ligand
complex with a CUC-NCCN six-membered ring. Overall, the results oregd in the following disclose an
unprecedented example of C-H bond activation, uacawnovel type of copper-carbon bonding schemerewehl that
copper(ll) can promote a'H- H' conversionvia a simple “hydrogen abstraction-proton deliveryegten gain”
process. This copper(ll)-copper(l) reduction chafe&tures itself as a general property of coppich might emerge
in a broad variety of chemical contexts, and, imgple, whenever copper(ll) comes in contact Witith a hydrogen

‘source’ and a proton ‘drain’.

Results and Discussion

As a starting point, we discuss the calculated M6A4*** minimum energy structure of the [Cu(hfa)(TMEDA)]
ion, detected as the most abundant specias/aimass-to-charge ratio) 386.04842 (theoretical eza286.04847,
elemental formula GH;;FN,O,Cu) in the high resolution positive mode ESI/MS cdpem of [Cu(hfa)(TMEDA)]
methanolic solution&” In [Cu(hfa)(TMEDA)]’, copper is coordinated to twbdiketonate oxygens and two diamine
nitrogens with distances of 1.913 and 2.016 A retypaly, in aC,-symmetric regular square planar geometry (Figure
2). Electronic structure and spin density analyaad,inspection of the molecular orbitals, showt tree of the metdi-
d states is empty, confirming that copper is in ltheedox state (Figures 3 and 4). The two ligaads more tightly
bound to the Cu center than in the parent neutnalpdex, as testified by the strengthening of migalnd interactions
and the concurrent shortening of coordination dista (see Table S1). Collisional experiments indidhat the
decomposition pathway of this species involvesltiss of a proton mass from TMEDA, leading to a akbgenated
diamine species TMEDA(-H), the net transfer of atpn to hfa and the release of a neutral Hbfdiketone. As
evidenced in Figure 1a, the ESI/M®ass spectrum of the [Cu(hfa)(TMEDA)pn shows an abundant peaknalt =
178.05250, corresponding to a species where cappeordinated by TMEDA(-H).
This result is confirmed by the ESI/M&ass spectrum of this ion (Figure 1b), which shpesks directly correlated
with the TMEDA ligand. In fact, the ions at/z 163.02911 and 134.00253 correspond to the logsroéthyl and a
(CHs),N radicals, respectively, while the ionraiz 115.12287 can be assigned tgHGN,] " ionic species.
Since the [Cu(hfa)(TMEDAYJ] optimized geometry provided no hints on the intetqtion of these data, we tried to
shed light by modeling the finite temperature bédtwawf the ion. Interestingly, the exploratory firprinciples
molecular dynamics (FPMD) simulatidfts at T = 473 K evidenced fluctuations from the squarenptageometry,
typical of the minimum energy structure, to a tetbsttetrahedral arrangement with the two ligandsghbu
perpendicular to each other. These results sugigassuch a distortion might promote the observadrentation of
[Cu(hfa)(TMEDA)]" and can be accessed by providing sufficient enéogihis species. To gain an insight into the
fragmentation mechanism, we performed on [Cu(hfEDA)]" FPMD simulations combined with blue-moon
ensemble statistical sampling, a technique enahltn@vestigate reactive events through the chaote suitable
constraint (reaction coordinatéy. As a matter of fact, the loss (gain) of a protomsmof the diamineBdiketonate)
requires one C-H and one O-H bond to be brokerf@amded, respectively. To minimize possible biagethe reaction
path exploration, we chose as reaction coordiraalifference of the distances of a diamine mepngton, H*, from
its carbon atom C* and from the farthest diketormadggen atom O* (see Figure 2 and supporting movie)

Along the calculated pathway, we initially obsenthd ion switching from a square planar to a twigetrahedral

geometry, as in the exploratory unconstrained stman. Subsequently, after a 180° out-of-plane tiaiaof the
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diketonate, the C*-H* bond gradually approaches dkggen atom O*, while becoming increasingly elaegaand
closer to the metal center. Afterwards, the aotidaC-H moiety displaces the diketonate oxygen aWwagn its
coordination position, leading to a structure whigre aliphatic proton is on the fly between the tWgands, and the
diamine acts as a polydentate ligand towards Cli.tfamsfer of the proton to the diketonate oxygérads to &-
diketone enol and to an-dehydrogenated diamine, the latter closing a sexamered ring with its C-terminal
coordinating the copper center. In order to confihese observations, we accurately located transind final states
by hybrid Density Functional Theory (DFT) optimiiats (Figure 2) and investigated their electronic stioes. The
proof of copper reduction is the full occupancyitsfd-shell at the end of the process (Figure 3)emas the spin
density distribution in the transition state, shogvthe formation of a TMEDA(-HYyadical moiety, reveals that the C-H
bond cleavage is homolytic (Figure 4b). As a resdpper is finally in the (I) oxidation state, molto the neutrgs-
diketone enol and to the N,C bidentate radicalnig@MEDA(-H)". Since all observed chemical events - coordination
sphere rearrangement by rotation, C-H bond actimainterligand proton transfer, copper reductiod &ng formation

- occur within the same ionic species, and éh#ehydrogenated diamine attacks Cu in the form o&dical, we
nickname this reaction single-molecule single-etattcyclocupration. Not surprisingly, the barrian@unts to 59.8
kcal/mol and the process is endoergonic, with itenozed (Hhfa)[CYTMEDA(-H))] ™ ‘product’ 34.5 kcal/mol higher
in energy than the optimized [¢rfa)(TMEDA)]" ‘reactant’.

The metal role in the C-H activation process iglemt from both the transition state geometry aedtabnic structure,
illustrated in Figures 2-4. The transition staté{hwCu-C and Cu-H distances of 2.125 and 2.001 #peetively,
exhibits a distorted square planar geometry rememis of the initial [Cu(hfa)(TMEDAY)] structure, but with the
cleaving C-H bond formally replacing one of theadinate oxygens in the copper coordination sphéees, the C-H
bond is activated, as indicated by the C*-H* and-* distances (1.459 and 1.227 A, respectively) dydthe
structural perturbations of the diamine ghdiketonate ligands. The transition state electratiucture (Figure 2, top
panels) and spin density (Figure 4b) reveal théiant formation of an O-H bond and the appearasfcan a-amino
radical, and clearly illustrate the active partatipn of the copper d states in this process. Mé#laythe metal g,
orbital, empty in the initial state, is being filleas deduced from the partial Cu-d character ®HOMO (Figure 3,
center) and from the spin density decrease on cajigure 4b). Hence, the metal center activatesxtamino C-H
bond by smoothly shuttling the proton on the dikete oxygen, while gaining one electron for iterof mediator. The
whole process ends up with copper in th&abnfiguration, coordinated to the neutral Hhfaatig and forming with
TMEDA(-H)" a six-membered ring adduct with a chairlike comfation (see Figures 2-3, lower left panels). The
copper(l) “chair” shows spin density predominaritigalized on the C*N* moiety, representing thus filist known
example of a cyclic copper(l) complex with a radlibigand (Figure 4c). To check its stability aslaed species, we
removed thes-diketone enol ligand and optimized the resultimgpmetry. We observed that the six-membered ring is
maintained and both Cu-N and Cu-C* bonds are shedeAs a result, the chair structure enlargesgatbe N-C* axis
leading to the [Cu(TMEDA(-H))T ‘armchair’ represented in Figures 4d and 5.

There are various reasons to believe that thisispeorresponds to the ion detectedhat= 178.05250 in the ESI/MS
spectrum of [Cu(hfa)(TMEDAJ]ion (m/z = 386.04842) (Figure 1). First of all, the N,C datiate [Cu(TMEDA(-H)){’

is energetically favored in comparison to othersiue candidates, for instance, by 28.8 kcal/mahweéspect to the N-
monodentate adduct, as corroborated by extensiyeehilevel of theory tests (MP2 and CCSD(T), sepp8tting
Information). Moreover, the minimum energy geonestrcalculated for the MSragment ions evidence that the six-
membered ring structure is compatible with the expental fragmentation pattern of the iomalz = 178.05250 and is
the structural leitmotif of the most abundant Cmaining MS fragment ions (see Figure 1). Finally, the copper(
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binding energy with the diamine radical, 118.5 kual, suggests a remarkable stability of this pecwudyclic system
and points out to strong Cu-N and Cu-C* bonds. #éddeclectronic structure analyses prove that tiesels are
partially covalent, as indicated by the significaontribution of the copper(l) d states to the roler orbitals bonding
with respect to Cu-N and Cu-C* (Figure 5c). We atbserved that the-HOMO has (C*N*)s*character and that the
C*-N* bond length, 1.387 A, is shorter comparedhe other C-N distances, evidencing thus a pa@tfaN* double
bond character. Together with these observatidres,delocalization of the spin density over the CtNE moiety
reveals a three electrons-three centerdégpe Cu-C-N bond. Remarkably, even non covaletdgrattions play a key
role in stabilizing the cyclic copper(l) complexs demonstrated by Natural Bond OrBithlanalyses (Table S6):
donation from the ligand (C*N*}bonding orbital to the vacant Cu 4s state, anddtation from the occupied Cu d
orbitals to the vacant ligand (C*N*%* antibonding orbital further favor the six-membdrring structure of
[CUu(TMEDA(-H))]™ over the N-monodentate arrangement, where theseactions are absent. This complex and
fascinating bonding scheme, here highlighted ferfitst time, could lie at the origin of a new dasf ring-shaped Cu

radical ligand adducts.

Conclusion

The novel features of the copper redox propertigse hinraveled underline the potentialities of titegrated ESI/MS-
computational approach in disclosing important aspef molecular reactivity. Gu— Cu reduction within a single
molecular species was achieved in the MS-MS fragatiem of a copper(ll) complex, where a copper-poted C-H
bond activation led to a cyclic GN,C bidentate radical ligand adduct, charactertzg@ six-membered ring structure
with an armchair-like conformation. With the asaiste of Cu, a hydrogen atom was abstracted frortHabGnd of the
diamine TMEDA ligand and transferred as a protoith electron-rich and negatively chargediketonate hfa. The
proton-accepting ligand was subsequently eliminated neutrag#-diketone enol in the mass fragmentation proceds an
the novel six-membered ring copper(l) complex [QUEDA(-H))] ™ was detected and characterized. Our observations,
unraveling unexpected features of copper chemiatgy/corroborated and rationalized by high-levédwdations on the
reaction transition and final state. Hybrid DFTulés demonstrate that copper(ll) gains one elecameh is reduced to
copper(l) by mediating a hydrogen abstraction erigand proton transfer process in [Cu(hfa)(TMEPA)The
transition state electronic structure indicates candlytic C-H bond cleavage, which converts TMEDA ana-
dehydrogenated radical ligand, and shows that th¢ lidnd formation is accompanied by a simultaneelgstron
transfer into the vacant Cuyg, state. On this basis, the novel reaction here rtegocan be regarded as an
intramolecular single-electron cyclocupration. Tdeculated endotermicity and high energy barriempatible with
the experimental conditions here adopted and @wiith calculations on other collision-induced té@ts®® are due to
hydrogen atom abstraction from the diamine. In [Ga)(TMEDA)]", both ligands are bidentately-coordinated to
copper in a square planar geometry and therefdjesed to severe sterical restrictions, which vofahe entrance of
the TMEDA methyl C-H bond in Cu coordination sphéf¢e hypothesize that the presently observed siglgietron
copper reduction mechanism may take place witwaiddarrier in other copper(ll) species where tharld geometry
and spatial arrangement could enable an easieoagipof the cleaving C-H bond to the copper cemteleed, copper
reductionvia the hydrogen abstraction — proton transfer — mdacgain scheme can in principle take place witach
molecular copper(ll) complex containing both hydengbearing ligands and Broensted basic ligands,iraadl cases
where hydrogen donor and proton accepting moidiem&e a simultaneous access to copper. In theseitionsd

copper(ll) may trigger homolytic cleavage of straxigd bonds, and convert a hydrogen atom into a Ipaoéon by
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abstracting its electron. Our results suggestahatracted atomic hydrogen may be the actual c@ippexducing agent
in many other processes occurring at high enermgidsigh temperatures, and pave the way to the gtafeding of
copper(ll) molecular reactivity under non-standeodditionse.g. such as those of CVD processes.

As regards the molecular precursor used foyOC(x = 1,2) nanostructure production, our results slioay the
[Cu(hfa)(TMEDA)] precursor is intrinsically prone to underg@ CUd — Cu reduction at the expense of H atom
abstraction, oxidation, and ligand release. As weet this feature to be common to copper(ll) mol@cspecies with
H-bearing/proton accepting ligands, this study jfes a rationale for the observed and unexpectec@uction taking
place in bottom-up syntheses of copper oxitfés! where very high temperatures (> 700 K) are ne¢dguiomote the
obtainment of copper(Ifxides over copper(l) species under oxidizing ctons ™ Nevertheless, further investigation
on the actual molecule-to-nanostructure productiwocess is required and work is actually in progrés our

laboratories.

Experimental and Computational Section

The [Cu(hfa)(TMEDA)] complex was synthesized by following a pigus procedur&’ All positive ions
ESI/MS and ESI/M% measurements were performed on an LTQ OrbitraperffibFisher Scientific, Bremen
Germany), using a resolution power of 60000n& 400 (FWHM). The entrance capillary temperature aoltiage
were set at 280°C and 5 kV, respectively* M solution of the [Cu(hfag] TMEDA)] complex in methanol were
introduced in the ESI source by a syringe pump #ow rate of 8uL/min. MS" experiments were performed in
the linear ion trap, utilizing Orbitrap as high o&gtion mass analizer for the fragments. An is@atiidth of 1
amu was used and the precursors were fragmentédawibrmalized collision energy of 30 - 25%.

Hybrid Density Functional Theory (DFT) calculat®onon the [Cu(hfglTMEDA)] complex, on the
[Cu(hfa)(TMEDA)]" and [Cu(TMEDA-(H))]" species, and on the fragment ions in the®*Mectrum, with spin
multiplicity 2, were performed with the Gaussian (809) codé?! Optimized geometries and vibrational
frequencies were calculated with the unrestricte@6Munctionaf® in combination with an ECP10-MDF
pseudopotentidf® the aug-cc-pVDZ-PP basis for &&, and full double zeta plus diffuse and polarization
functions (D95+*) basis s&t for the ligand atoms. All calculated minima hadsjpive frequencies; the transition
state was characterized by a single imaginary feeqy. Electronic structure analyses on the MOG6 rojtd
geometries were performed with the aug-cc-pVTZ $ast for the ligand atoms. Energy differences Basis Set
Superposition Error corrected binding energies weakulated with M06/aug-cc-pVTZ wavefunctions dret
MO06/D95+* optimized geometries. M06 results werelidated by performing on [Cu(TMEDA-(H))] test
calculations at the MP2 and CCSD(T) levels of tlyedfhe results, reported in the supporting inforiomt
confirmed the reliability of the adopted hybrid DFEheme, in line with current literature studf@s.High
temperature effects on the [Cu(hfa)(TMEDA)and [Cu(TMEDA-(H))]" ionic species, typical of ESI/MS
conditions, were investigated by first principlesolecular dynamics (FPMD¥? The exploratory reaction
pathway was obtained by combining FPMD with theelhoon ensemble techniqlfd. The PBE functional, plane
wave basis sets and ultra-soft pseudopoteffiiaisere used. An isolated cubic box of 1.8 nm of sinel plane
wave cut-off values of 30 and 240 Ry for orbitabarsion and electronic density representation, easyely,
were adopted. A time step of 0.121 fs and an iaeprameter of 500 atomic units (au) for the etedtr
coefficients were used for the trajectory integraff? Calculations were performed at the Centro di Clalco

Scientifico of Insubria University.
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Figure Legends

Figure 1. Panela): Positive ion ESI/M&spectrum of [Cu(hfa)(TMEDAJ] (m/z = 386.04842) and schemes for [Cu(hfa)(TMEDA)]
and for the ionic species a¥z = 178.05250 and 115.12287. PabklPositive ion ESI/M$spectrum of the ion awz = 178.05250,
and schemes for the ionic speciem&t163.02911 and 150.02125. The parent [Cufff&)EDA)] scheme is also shown. hfa: £F
CO-CH-CO-CR; TMEDA: (CHs),N-CH,-CH,-N(CHa),; TMEDA(-H): (CHs),N-CH,-CH,-N(CH5)(CH,)". Panelc): ball-and-stick
representations of the parg@u(hfay(TMEDA)] optimized complex, and of the minimum egegrstructures of the ionic fragments

with the correspondingyvz values. Color codes: Cu: yellow; C: gray, H: white;blue; O: red; F: green.

Figure 2. The [CU (hfa)(TMEDA)]" (initial state) to (Hhfa)[CY{TMEDA(-H))]*" (final state) reaction pathway. Red curve: free
energyvs. reaction coordinate (Q) profile of the explorgtoeaction pathway (see movie). Ball-and-stick medéraphical
representations of the optimized geometries foritit@l, transition and final states. The calcethtvalues of the barrienErs =
E(transition state) E(initial state)] and the reaction energve, = E(final state) -E(initial state)] are also reported (in kcal/mol).
Upper part of the figure: three occupied molecoldnitals for the optimized transition state geometvidencing the participation of
the metal d states in the coupled C-H bond homoigieavage/interligand proton transfer processs ghown that the copper(ll)
center assists the hydrogen abstraction from TME@# formation of as-amino radical (center) and the proton deliverythe
electron-rich ligand hfa (left), with a single-eiem gain (right). A scheme of the copper(ll) retioe mechanism (hydrogen
abstraction-proton delivery-electron gain) is alsported. Atom color codes: Cu: yellow; C: gray,white; N: blue; O: red; F:

green.

Figure 3. Evolution of the HOMO (bottom) and LUMO (top) neclilarp-spin orbitals from the initial (left) to the finatate (right).
Initial state: theB-HOMO is localized on the hfa ligand homo, $#:UMO is predominantly Cu,d.,, Cuisin a d configuration
[copper(ll)]. Transition state: th&-HOMO shows an appreciable Ci.¢b contribution and Cu-C* bonding character, while pae
LUMO shows both Cu d.,, and (C*N*)-n* character. Here, the Cy.d, state is approximately half-filled 9. Final state: thé-
HOMO is localized on the [C(TMEDA(-H))]** six-membered ring, mainly on Cyog, and N*, while theB-LUMO, localized
mainly on the Hhfa ligand lumo, shows no contribntfrom the copper d-states. The Cy.dorbital is now fully occupied and
copper is in a ¥ configuration [copper(l)]. The binding energy &@u(TMEDA(-H))]™" with the s-diketone enol Hhfa is 23.1

kcal/mol. Atom color codes as in Figure 2.

Figure 4. Spin density distributions (blue isosurfaces) &hdliken atomic spin densities foa) initial state, [Cli(hfa)(TMEDA)]*;
b) transition stateg) final state, (Hhfa)[CYTMEDA(-H))]*"; d) [CU'(TMEDA(-H))]*". Atom color codes as in Figure 1.

Figure 5. Representations of the geometry and electronictstre of [Cu(TMEDA(-H))]". a) The six-membered ring ‘armchair’
structure; b) thex-HOMO, mainly Cu 4s and (C*N**; c) the a-(HOMO-5), with Cu-d, (C*N*)at contributions and Cu-C*
bonding character; d) th@&HOMO, mainly Cu-d, N-2p and (C*N*k bond lenghts (in A) for the six-membered ring atso
reported. Atom color codes as in Figure 2.
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New light on Cu chemistry: A Cu'-promoted “hydrogen abstraction-proton deliveryeien gain” mechanism leads
to Cu reduction and formation of a '@NCCN six-member ring showing a novel bonding seeSuch a single-
molecule copper “reduction without reductants” iedéed via the fragmentation of @' precursor by combined

Electrospray lonization Mass Spectrometry with fiplgtcollisions experiments and theoretical cadtiohs.
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