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High-valent Cu"Cu" Species in Action: Demonstration of Aliphatic C-H Bond
Activation at Room Temperature

James A. Isaac,” Aurore Thibon-Pourret,** Amélie Durand,’ Christian Philouze,” Nicolas Le Poul* and Catherine Belle**

Abstract: The electrochemically generated cu'cu"

mixed-valent species promotes activation of strong aliphatic C—H bond
(i.e. toluene) at room temperature. The mechanistic pathway turns from stoichiometric to catalytic upon addition of
base, hence demonstrating that such high-valent dicopper species can be key reactive intermediates in copper-based

oxidative processes.

Mild, efficient and direct routes for C—H oxidation/oxygenation to form industrially valuable products is of
considerable interest in addressing mild and sustainable synthetic procedures and current energy concerns.” In
this context, copper-based catalysts appear as good alternatives to precious metal because of its natural
abundance, low toxicity and low-cost nature. Hence, various copper-based catalysts have been developed using O,
as terminal oxidant.” Biomimetic approaches have proven to be very helpful by elucidating the nature of oxido,
hydroxido, peroxido or superoxido copper intermediates able to mediate C—H bond activation. Each of them
displays distinct abilities for oxidation-oxygenation including cross coupling reactions as described in several
reviews.’ Among them cu'cu" mixed-valent species have been previously suggested as possible intermediates for
C—H bond activation.*" * Challenges remain to explore the capability of such species in oxidation as examples are
scarce® and only one® demonstrated C—H bond activation on a fairly weak bond (i.e. dihydroanthracene).

Dipyridylethane naphthyridine (L) and its analogs act as compartmental ligands and have allowed the isolation
of dinuclear complexes with metallic centers in close proximity.6 Recently, from L as bridging ligand, we have
prepared the dinuclear copper(ll) complex 1 ([Cu”z(L)(u—OH)Z(OTf)](OTf) where OTf = CF3503').7 Because of the
presence of a triflate anion at one copper site, the two Cu atoms are not in identical

Fig. 1 ORTEP of the cationic part of [Cu”z(L)(u-OH)z](CIO4)z-6H20 (2:6H,0)(50% probability ellipsoids). H atoms (except from the OH) have been omitted. See ESI
for details

coordination environments at solid state: one copper displays a distorted square pyramidal geometry and the
other is found in a distorted octahedral geometry. Based on UV-Vis-NIR, EPR data and theoretical calculations,
electrochemical mono-electronic oxidation of 1 in CH;CN promotes formation of the corresponding mixed-valent
cu'cu" species’ assigned to a class Il in the Robin-Day classification at room temperature.® The data suggest that
the hydroxido bridges remain coordinated and protonated after the mono-oxidation into 1°.

We have initiated our studies by probing the behavior of the starting complex 1 in the presence of an excess of
ClO, since our voltammetric studies have been carried out in NBu,ClO,/CH5;CN. After slow evaporation, crystals of
[Cu"z(L)(u-OH)z](CIO4)2-6H20 (2-6H,0) suitable for X-ray analysis (details in ESI) were obtained, hence evidencing
the removal of the triflate anion in the copper coordination sphere. The symmetrical entity 2 obtained (Fig. 1)
displayed similar metrical parameters to those of 1 (Table S1) with a slightly longer Cu...Cu distance (2.793 A vs.
2.751 A in 1) and both Cu atoms in square pyramidal geometry. This result suggested that 1 and 2 are equivalent
upon dissolution into acetonitrile in presence of ClO,. To explore the capability of 1* to perform C—H activation,
we have taken advantage of an electrochemical approach as a more environmentally friendly solution’ avoiding
stoichiometric chemical oxidants.™
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Fig. 2 CVs of 1 (1.2 mM) upon the addition of toluene-H8 (black) or toluene-D8 (red); 0.1 M NBu4ClO4/CHsCN at 20°C under Ar.

So far, copper-based electrochemical studies have been restrained to water oxidation or oxygen/CO,
reduction'’ and this strategy has not be explored for the catalytic oxidation of strong C—H bonds by copper species.
We then focused our studies on the oxidation of toluene (Bond dissociation energy (BDE) = 89.8 kcal-mol’l)12 by
the electrochemically generated complex 1°. The direct oxidation of the aliphatic C—H bond in toluene is faced by
several drawbacks such as high temperatures and pressures and by-products.13 Rare examples have been reported
from bio-inspired models involving Cu,/0, intermediates™ possibly in confined environment.”® Furthermore, to
date, catalytic turnover is still regarded as a challenge.

Cyclic voltammetry (CV) of the dicopper(ll) complex 1 in NBu,ClO,/CH;CN is shown in Fig. 2 (blue curve). The
complex exhibits a quasi-reversible system at £15(1) = 1.12 V vs. Fc'/Fc which can be ascribed to the 1—1" reaction
from our previous studies.” At very low scan rate (0.02 Vs Fig. S2), the cathodic to anodic peak current ratio
(ioc/ipa) decreases due to the probable reaction of the oxidized species with the solvent, as reported.7 As shown in
Fig. 2, S2 and S3, a significant loss of reversibility was observed upon addition of toluene-H8 (110 to 500 mol.
equiv.), within the studied scan-rate range (0.02 Vst<v<0.2 V.s’l). This result suggested us that the cu'cu"
species 1" reacts with that substrate. Experiments performed with toluene-D8 also led to a decrease of the
cathodic peak current but in a less pronounced manner (Fig. 2), indicating a kinetic isotope effect (KIE).
Voltammetric simulation of the CVs allowed the determination of the forward rate constant, k;, for the chemical
oxidation of toluene by 1" (details in ESI, Scheme S1 and Figs $2-53). The experimental behavior was reproduced
for different values of substrate concentration and different scan rates. We found that k;=1.1 M™tstand 0.5 M™s”
! for H8- and D8-toluene, respectively, yielding a KIE value k¢{H)/k¢{D) = 2.2. It indicates that the rate determining
step (RDS) involves cleavage of the C—H bond of the substrate upon electrochemical oxidation of 1. However, the
reaction remains stoichiometric and not catalytic, as shown by the comparable anodic peak current iy,(1) values
obtained in absence and presence of toluene (Fig. S4).
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Fig. 3 CVs of complex 1 (0.8 mM) upon addition of 2,6-lutidine (Lut). 0.1 M NBu,ClO4/CH5CN; [Lut] = 0.3, 0.6, 1.2 and 2.4 mM at 20°C under Ar.

Electrolysis of 1 in NBu,ClO,/CH;CN with toluene in excess (490 equiv.) followed by purification and analysis by
GC-MS (see ESI, Fig. S5) allowed the oxidation products of toluene to be determined. Among them, benzaldehyde,
benzyl alcohol, benzylacetamide, 2-(methylphenyl)-toluene and 4-(methylphenyl)-toluene were detected,
consistent with a radical processes involving Ph-CH," formation, recombination or attack at nitrogen on the
solvent.”® In order to determine the possible O atom source, an exhaustive electrolysis of 1 was performed in a
solution of NBu,ClO,/CH;CN containing H,"®0 under argon (details in ESI, Fig. S6 and Table S2). Analysis by GC-MS
evidenced that *®0 from added water was incorporated into benzyl alcohol, benzaldehyde and benzylacetamide
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along with non-labelled O atom, hence suggesting that oxygen atom transfer may also involve others sources
(hydroxido bridge or residual water).

Having demonstrated that the cu'cu" species is reactive towards the strong aliphatic C—H bond of toluene, we
then focused our efforts on making the system catalytic. Presumably, the reaction of 1" with toluene leads to the
formation of an inactive (u—OH)(OHz)Cu"CuII species through a proton-coupled electron transfer (PCET).
Investigations were therefore carried out using 2,6-lutidine(Lut) with the aim of regenerating the bis(/.l—OH)Cu”CuII
core from the (u—OH)(OHZ)Cu"CuII adduct. First studies were performed in absence of toluene in order to
investigate the oxidative properties of the species resulting from the oxidation and deprotonation of 1. CVs of 1 in
NBu,ClO,/CH5CN upon addition of 2,6-lutidine are displayed in Fig. 3. A dramatic rise in the current was observed
with increasing the concentration in Lut, symptomatic of an electrocatalytic wave. A pre-peak was detected at ca.
E,a(2) = 1.05 V vs. Fc'/Fc for sub-stoechiometric amounts of Lut. The potential of the pre-peak increased upon
further addition of Lut, whereas the potential of the second peak at Ey,(1) = 1.15 V vs. Fc'/Fc assigned to the
oxidation of 1 to 1" remained constant. These CVs are typical of a “total catalysis” redox behavior involving a (co)-
substrate-diffusion-controlled catalytic reaction (pre- peak), as well as a catalyst-diffusion-controlled process
(second peak).gb’ 19¢ 17 14 rationalize this behavior, bulk electrolysis of 1 was carried out in excess of 2,6-lutidine (8
equiv. vs. 1). "H-NMR analysis of the resulting products indicated that the methyl groups of the 2,6-lutidine were
not oxidized (Fig. S7).

[Lut] = 0.8 equiv.
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Fig.4 CVs of 1 (0.8 mM) with [Lut] = 0.6 mM at different scan rates; 0.1 M NBu,ClO,/CH3CN at 20°C under Ar.

Addition of water induced a slight increase of the catalytic current up to around 10 equiv. until to reach a
plateau, consistent with the recovering of hydroxido bridges (Fig. S8). Hence, these results strongly suggest that
acetonitrile acts as substrate for the electrocatalytic reaction in presence of base.

In order to further analyze this redox behavior, plots of ip,(2) vs. [Lut] (from CVs displayed in Fig. 3) and ip,(2)
vs. V2 (from CVs displayed in Fig. 4), allowed the bounds of the total catalysis regime to be determined (ip,(2) is
defined as the anodic peak current at Epa(z)).9b A straight-line variation was obtained from plots of i;,(2) vs. v’ for
5<v< 100 mVs® (Fig. S10B). Moreover, the jy,(2) vs. [Lut] plot deviates from a straight-line at a 2,6-lutidine
concentration greater than 1.5 equiv. (Fig. S10A). As the criteria for a total catalysis were fulfilled in the CVs
displayed in Fig. 3, the number of electrons involved was extracted from the plot of pre-peak current against the
square root of the scan rate’” (see ESI). The calculations indicated a mono- electronic process. Given this, a peak
shift analysis of the data displayed in Fig. 4 was performed for the determination of the kinetics of the catalytic
reaction (see ESI, Fig. S11). Noteworthy, the calculated rate constant value (kyps = 6 x 10* M™s™) was significantly
higher than that of the stoichiometric reaction of 1" with toluene H8 (1.1 M™s?, see above).

To further investigate the effect of the base, voltammetric simulations were carried out according to an
EC,C,C3C, mechanism (Scheme 1, details in ESI). After electrochemical oxidation (step E), two chemical reactions
are competing (C; and G,): that of the electrogenerated cu'cu 1" species with the substrate SH (here SH = CH3;CN
as no toluene is present in this experiment) (step C;) which probably yields a radical S* species together with a
dicopper(ll) hydroxido aqua complex, and that of 1" with 2,6-lutidine to form species A (step C,). Species A then
reacts with SH (step C3) to regenerate the bis(u-OH)Cu”2 species, according to a catalytic pathway. Finally the step
C, was added to account for the reaction of S* with the bis(,u-OH)Cu”CuIII species, making the oxidation peak at
E,.(1) irreversible, as experimentally observed. A good match between the simulated and the experimental curves
(Fig. S12) was obtained by considering the steps C, (deprotonation of 1%) and C; (oxidation of the substrate) as
very fast, in agreement with a “total catalysis” case. Best fits were found for rate



E: bis(u-OH)Cu'Cu" +e¢ == bis(u-OH)Cu"Cu"

Cy: bis(u-OH)CU'Cu" +SH == (OH)(OH,)Cu'Cu" +§°
C,: bis(u-OH)Cu'Cu +Lut == A +LutH*
Cs: A+SH = bis(u-OH)Cu'Cu'+ S’

Cy: S+ bis(u-OH)cu'cu B

Scheme 1. EC;C,C3C,4 proposed mechanism used for voltammetric simulations (details in ESI).

constant values of k¢{C;) = 71 x 10° and k:(C3) = 10+1 x 10° Ms™. These values are comparable with that
determined from peak-shift analysis (kqps = 6 X 10" M’l.s’l).

These voltammetric studies clearly demonstrate that the addition of base (i) triggers the mechanistic pathway
from a stoichiometric reaction to a catalytic one, and (ii) enhances by a four-order magnitude the rate constant of
the oxidation of the C—H bond. Different active species, namely 1" and A, are involved for the stoichiometric and
catalytic oxidation of the substrates, respectively (Scheme 2). Although the species A has not been isolated, we
propose that deprotonation of 1" occurs on one of the bridging OH groups, leading to an oxido hydroxido cu'cu"
species (A) (Scheme 2). Deprotonation of the u-OH group is indeed more favored for 1* than 1, because of the
probable decrease of the pKa of the oxo/hydroxido group at the Cu(ll1)-Cu(ll) redox state (vs. Cu(ll)-Cu(ll)).

Finally, the same catalytic experiments were performed with addition of toluene which did not induce any
significant modification of the voltammetric response. However, bulk electrolysis of the toluene-based solution led
to the formation of benzaldehyde, benzyl alcohol and benzylacetamide, although the yield in oxidized products
from toluene is low as shown by GC analysis (see details in ESI and Fig. S13). Such a result is consistent with the
fact that both toluene and acetonitrile display close BDE values (89.8 and 93 kcal-mol™ respectively) and can both

be oxidized by species A.
SH .
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Lut .
1+ YmH
/ Catalytic oxidation of SH
e A
SH

Electrode

o
o
o
‘§ in presence of base
o
PCET,
1 X
S —
Further reactions
: : :
- A,
CU“ \Cull Cu" \Culll Cull’ :Culll or CH3CN
\o/ N 0 S
H 1 H 1* A 3 SH

Scheme 2. Electrochemical SH activation by 1 without or with 2,6-lutidine (Lut).

I 1] . . . . .
In summary, we have demonstrated that a Cu Cu" species reacts with toluene in a single turnover reaction,

functionalizing the aliphatic C—H bonds in the RDS. The addition of a base renders the system catalytic even
without toluene suggesting that CH;CN acts as a substrate. In this case, the observed rate constant determined to
be 6 x 10* M™s™ was refined through simulations to give a value of 7+1 x 10° M™s?, and alludes to a possible

oxido hydroxido cu''cu" (A) as the active species. It is in agreement with the previous proposal that (u-O)(u-
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OH)cu"cu"

work is the first electrochemically copper-catalyzed C—H oxygenation and in addition operating in mild conditions.

cores can be active species for oxidation of methane to methanol.* To the best of our knowledge, this

This proof of concept study demonstrates the oxidative reactivity of cu'cu" species towards exogenous substrates
and has shed light on such high-valent species as new potent catalytic motifs in oxidative attack of strong sp3 C-H
bonds. The electrochemical C-H activation described in this work appears to be selective as no aromatic C-H activation is
observed. Furthermore with ethylbenzene as alternative substrate only the benzylic position is activated (see details in ESI
and Fig S14). Future work will be focused on characterizing the transient active species responsible for C—H
activation and optimizing this system, mainly by tuning the pKa and redox potential of the complexes.18 This
breakthrough should be further developed for expanding the scope of selective and sustainable oxidation
reactions.
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