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ABSTRACT

The electrocatalytic epoxidation of alkenes at heterogeneous catalysts using water as the sole
oxygen source is a promising safe route toward the sustainable synthesis of epoxides, which are
essential building blocks in organic chemistry. However, the physico-chemical parameters
governing the oxygen-atom transfer to the alkene and the impact of the electrolyte structure on the
epoxidation reaction are yet to be understood. Here, we study the electrocatalytic epoxidation of
cyclooctene at the surface of gold in hybrid organic/aqueous mixtures using acetonitrile (ACN)
solvent. Gold was selected, as in ACN/water electrolytes gold oxide is formed by reactivity with
water at potentials less anodic than the oxygen evolution reaction (OER). This unique property
allows us to demonstrate that a sacrificial mechanism is responsible for cyclooctene epoxidation
at metallic gold surfaces, proceeding through cyclooctene activation, while epoxidation at gold
oxide shares similar reaction intermediates with the OER and proceeds via the activation of water.
More importantly, we show that the hydrophilicity of the electrode/electrolyte interface can be
tuned by changing the nature of the supporting salt cation, hence affecting the reaction selectivity.
At low overpotential, hydrophilic interfaces formed by using strong Lewis acid cations are found
to favor gold passivation. Instead, hydrophobic interfaces created by the use of large organic
cations favor the oxidation of cyclooctene and the formation of epoxide. Our study directly
demonstrates how tuning the hydrophilicity of electrochemical interfaces can improve both the

yield and selectivity of anodic reactions at the surface of heterogeneous catalysts.



INTRODUCTION

The past decades have seen a growing interest in the development of electrosynthesis as a powerful
synthetic tool. This is because, beyond its innate sustainability when powered by renewables,2
electrosynthesis possesses many advantages such as high functional group tolerance, mild
conditions, ability to selectively conduct oxidation and reduction reactions at controlled potentials
and scalability.>> Numerous anodic and cathodic reactions have been developed, allowing the
forging of useful chemical bonds,>! the chemoselective functionalization of peptides and
proteins? and even the total synthesis of natural products for which chemical synthesis has no
practical solution.'* Among these reactions, electrochemical oxygenation reactions are of
particular interest as they allow for the direct and chemoselective functionalization of C-H and
C=C bonds forming industrially and pharmaceutically relevant chemical functions such as
enones,*  ketones, %2  aldehydes,'®1%?®  |actams,®* lactones,?® alcohols!®?%?2%  and
epoxides.?12227-38 The efficient and environmentally friendly preparation of an epoxide moiety is
of prime importance as this structure is found in numerous natural products with potential
biological activities,*>*! is a versatile building block in organic chemistry**?> and plays an

important role in industry.'>43

Electrochemical epoxidation methods currently proceed via the anodic activation of molecular
complexes,?°354 thus complicating the isolation of the final product, or via the in situ generation
of hazardous oxidants such as Clz, Bro and Hy0.21?832343638 Recently, an electrocatalytic
epoxidation strategy using water as the sole oxygen source and a manganese oxide electrocatalyst
to heterogeneously transfer the oxygen to the alkene was proposed to circumvent the
aforementioned drawbacks.?”3 However, little is known regarding the role of the electrocatalyst

on the oxygen-atom transfer and more precisely on the parameters governing the selectivity



between the oxygen evolution reaction (OER) and the epoxidation, which are pivotal for increasing
the efficiency of the later process. In particular, questions arise regarding the exact role of the
oxygen ligand at the surface of the electrocatalyst on the oxygen-atom transfer to the alkene.
Indeed, conflicting results exist in the literature, with studies postulating that oxygen ligand is
involved in the oxygen transfer?’-2%304% and others not.*"?® For the competing reaction involving
water oxidation, i.e. the OER, it was recently shown that the involvement of the oxygen ligand
into the O-O bond formation boosts the kinetics of the anodic reaction,*®*’ metal-oxygen bond
covalency and O 2p band levels serving as descriptors for the reaction.*6#® Knowing that, one may
wonder if similar physical properties can describe the oxygen-atom transfer in epoxidation
reactions, and maybe more importantly if activating oxygen ligands from the catalyst could

decrease the selectivity of the epoxidation reaction by favoring the OER.

Aside from questions regarding the implication of oxygen ligands, the use of homogeneous
mixtures of organic solvent and water is required, with the organic solvent serving to solubilize
alkenes while water acts as co-reactant. In acetonitrile (ACN)/water mixtures, the most commonly
employed mixtures,'’2>27:304% aqueous and organic domains exist at the nanoscale.’® These
domains are conserved at the catalyst/electrolyte interface and were shown to modulate water
reduction.® As recently proposed in a theoretical study,® such nanodomains may play a significant
role in tuning the selectivity and efficiency of electrochemical reactions. In this connection, one
may note that the nature of the supporting salt cation is known to alter both the selectivity and
kinetics of complex anodic reactions, such as electrohydrodimerization reactions,>? but also the
OER itself. Hence, recent studies have shown that large and hydrophobic cations block the OER®®
while strong Lewis acids such as Li* are detrimental to the OER because of the strong cation-OH>

interaction.>>** Finding the optimal electrolyte composition favoring the oxygen-atom transfer to



alkenes while slowing down the OER may thus represent a unique opportunity to make

electrochemical oxygenation reactions closer to industrial relevance.

Overall, we aim at applying methodologies and knowledge gathered in the past few years regarding
the effect of catalysts’ physical properties and ion adsorption at the solid/liquid interface to gain
further insights into complex electrosynthetic processes. Herein we study an archetypal anodic
oxygenation reaction, the electrocatalytic epoxidation of cyclooctene in ACN/water mixtures
(Scheme 1).2*° To examine the role played by the surface of the electrocatalyst on the oxygen-
atom transfer, we aimed for a single surface that can possess, or not, oxygen ligands as a function
of cycling conditions. For that, gold was selected as in ACN/water mixtures, gold oxide is formed
at potentials less positive than the OER,*>%® allowing for investigating the epoxidation process
both at a metallic surface and at a metal oxide surface. By combining rotating disk electrode
measurements, electrochemical quartz crystal microbalance (EQCM), gas chromatography — mass
spectrometry (GC-MS), inductively coupled plasma mass spectrometry (ICP-MS) and classical
molecular dynamics (MD) simulations both in bulk and at electrified interfaces, we demonstrate
that two different epoxidation mechanisms exist depending on the potential range. We show that
a sacrificial mechanism is responsible for cyclooctene epoxidation at gold metallic surfaces while
epoxidation at gold oxide shares similar reaction intermediates with the OER. Furthermore, we
show that the mechanism at low overpotentials, i.e. the one at metallic gold, is strongly impacted
by the electrolyte composition when changing the supporting salt cation, arising from a
modification of the hydrophilicity of the electrode/electrolyte interface as a function of the nature
of the cation. Alike what was recently demonstrated for the hydrogen evolution reaction,>*"58 our
study thus reveals that the nature of the supporting salt cation in nanostructured electrolytes can

modulate the kinetics and selectivity of catalytic reactions such as the epoxidation.
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Scheme 1. Electrochemical cyclooctene epoxidation with water as the sole oxygen source.

RESULTS AND DISCUSSION

Electrochemistry of gold in acetonitrile/water/cyclooctene mixtures. The ACN to water ratio
and the cyclooctene concentration were selected as those reported to give the highest epoxidation
yield: ACN containing 5 M water, 0.1 M supporting salt and 200 mM cyclooctene.?’
Tetrabutylammonium perchlorate (TBACIO4) was initially selected as supporting salt. The
electrochemical behavior of polycrystalline gold in ACN/5 M water mixtures was first investigated
in the presence or the absence of cyclooctene. Cyclic voltammograms recorded at 10 mV.s™* under
rotation show two distinct features: a redox peak located at ~ 1.5 V vs the standard hydrogen
electrode (SHE) followed by an anodic current with an onset potential of ~1.9 V vs SHE
associated to the OER (Figure 1a), as previously reported in ACN/water mixtures.>>% It is
noteworthy that the OER current is not affected by the presence of cyclooctene, the implications
of which will be discussed below. On the contrary, the redox peak at ~ 1.5 V vs SHE is strongly
affected by cyclooctene, with an onset potential shifted by 70 mV cathodically and an anodic
Faradaic charge passed (Qox) in the presence of cyclooctene ~ 40 times greater than in the absence
of cyclooctene (at 10 mV.s™t). As previously discussed,> two ill-defined redox processes are
simultaneously occurring at ~ 1.5 V vs SHE in ACN/water mixtures: gold dissolution into the

electrolyte (reaction (1)) and gold oxide formation at the surface of the electrode (reaction (2)).

Au—> Au™ +ne” (1)



Au+x H,0 - AuO, + 2x H* + 2x e” 2

When cycling between 1.2 and 2.2 V vs SHE, the redox peak disappears after the first cycle,
confirming the passivation of the electrode due to the formation of gold oxide following (2)
(Figure S1). Gold dissolution in ACN/5 M water was monitored by inductively coupled plasma
mass spectrometry (ICP-MS) measurements of the electrolyte after cycling at different scan rates.
The amount of gold in solution is found to increase when the scan rate decreases, alike the charge
passed Qox (Figure S2a). Gold dissolution is substantial in ACN/5 M water, with the equivalent of
5 monolayers dissolved when cycling at 100 mV.s* and up to more than 150 at 1 mV.s* (Figure
S2b). In the presence of cyclooctene, Qox is much greater than in the absence of cyclooctene, with
the ratio between both drastically increasing when the scan rate decreases (Figure 1b), suggesting
that cyclooctene is involved in gold dissolution. The potential effect of dissolved chloride anions
in the electrolyte, either coming from leakage from the reference electrode or impurities from the
perchlorate salts, known to alter gold electrochemistry, was discarded (see Methods and

Figure S3).590
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Figure 1. (a) Cyclic voltammograms obtained at a rotating gold electrode in ACN/water mixture in the presence (dark
blue) or in the absence (light blue) of cyclooctene. WE: polycrystalline gold, CE: Pt wire, Ref: leakless Ag/AgCl, Ar-
saturated ACN/5 M water/0.1 M TBACIO,/0 or 200 mM cyclooctene, 10 mV.s, 1,600 rpm. (b) Ratio of the charge
associated to the redox peak at 1.5 V vs SHE (Q.x) with and without cyclooctene as a function of scan rate. Error bars
were obtained by repeating the experiments three times for each scan rate.

To further understand the effect of cyclooctene on gold dissolution and on the formation of gold
oxide, electrochemical quartz crystal microbalance (EQCM) experiments were carried out. EQCM
experiments were performed at 1 mV.s?, scan rate at which the Qox ratio with and without
cyclooctene is the greatest (Figure 1b). Figure 2a shows that upon cycling in the 1.0 — 1.8 V vs
SHE window in the absence of cyclooctene (red curves), the anodic peak is concomitant with an
increase in frequency of the quartz resonator (~ 550 Hz), indicating a net loss of mass.%! The
frequency then stabilizes and remains stable during the reverse scan. Although gold oxide is
formed at the surface of the gold electrode, frequency response shows a net increase (i.e. no gain
of mass), indicating that gold dissolution is the predominant process in ACN/5 M water mixtures.
This is in sharp contrast with the EQCM response of gold in aqueous electrolytes, where gold
dissolution is very low and the gold oxide formation consequently leads to a decrease in the
frequency of the quartz resonator (shown for 0.1 M HCIO4 in Figure S4). In the presence of
cyclooctene (blue curves), the variation of frequency is ~ 18 times larger than without cyclooctene,

in good agreement with Qox Which is ~ 16 times more important than without cyclooctene. This



result indicates that cyclooctene mainly affects gold dissolution. Considering a plausible
roughening of the surface of the gold electrode of the quartz resonators due to the substantial gold
dissolution, the Sauerbrey equation was not applied to convert frequency variations into mass
variations.%2%® Complementary to the EQCM results, ICP-MS measurements show that the
quantity of gold dissolved into the electrolyte is much higher in the presence of cyclooctene
(Figure 2b). Along with the cathodic shift observed for the onset potential for gold dissolution
(Figure 1a), EQCM and ICP-MS results show that cyclooctene drives the dissolution of gold into
the electrolyte, likely due to its mild chelating effect.®* This assumption is further supported by
comparing the results obtained using 1,5-cyclooctadiene, a better chelating ligand for gold
cations,®#% with that recorded for cyclooctene. In the presence of 1,5-cyclooctadiene,
electrochemical and ICP-MS experiments show that the gold dissolution into the ACN/5 M water

mixture is even more dramatic (Figure S5).

The substantial dissolution of gold is accompanied by a change of color of the electrolyte, which
becomes dark purple (Figure S6). The UV-vis spectrum of the electrolyte taken after performing
an anodic CV scan in the presence of cyclooctene is characteristic of spherical gold nanoparticles
(NPs) with a surface plasmon resonance peak at A=565 nm (Figure 2c, light purple). From the
value of the surface plasmon resonance, the size of the NPs can be estimated to be ~ 100 nm,® in
agreement with the dark purple color of the electrolyte. Interestingly, the absorbance of the solution
increased after 30 minutes, while the value of the surface plasmon resonance remained constant
(Figure 2c, dark purple). This observation indicates an increase of the number of gold NPs but not
of their size.%” Moreover, rotating ring disk electrode measurements show that the gold species
generated at the disk can be reduced at the Pt ring (Figure S7 and S8), revealing the presence of

gold cations formed upon dissolution. The most likely phenomenon at play is thus that unstable



gold cations are generated upon gold dissolution, the exact nature being outside of the scope of
this study (no clear result was obtained when attempting to determine their charge, Figure S9).
These gold cations are chelated by cyclooctene, when present in the electrolyte, before to grow

into gold NPs.
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Figure 2. (a) CV obtained at EQCM electrodes and simultaneous frequency response in the absence of cyclooctene
(red curves) and in the presence of cyclooctene (blue curves). WE: 9 MHz Au/Ti patterned quartz resonator, CE: Pt
wire, Ref: leakless Ag/AgCl, Ar-saturated ACN/5 M water/0.1 M TBACIO4/0 or 200 mM cyclooctene, 1 mV.s%, no
stirring. (b) Quantity of gold dissolved into the electrolyte determined by ICP-MS upon cycling in the 1.0 — 1.8 V vs
SHE window with and without cyclooctene as a function of scan rate. (c) Ex situ UV-Vis spectrum of the electrolyte
right after (light purple) and 30 min after (dark purple) an anodic scan performed at 0.1 mV.s? in the presence of
cyclooctene. The CV was performed at 0.1 mV.s* to allow for significant gold dissolution into the electrolyte. WE:
polycrystalline gold, CE: Pt wire, Ref: leakless Ag/AgCl, Ar-saturated ACN/5 M water/0.1 M TBACIO4/200 mM
cyclooctene, 1,600 rpm.

Epoxidation mechanisms at gold electrodes. Two regions of interest well separated in potential
thus exist for the electrochemistry of gold in ACN/water mixture. Inthe 1.2 — 1.7 V vs SHE region,
metallic gold is substantially dissolved into the electrolyte before the passivation of the electrode
by the formation of a gold oxide layer, whereas at more anodic potentials water is oxidized at gold
oxide surfaces. We then took advantage of the existence of these two separate regions to study the
epoxidation of cyclooctene at metallic gold and at gold oxide surfaces. Chronoamperometry
measurements at potentials of interest were performed and the products formed analyzed by gas

chromatography — mass spectrometry (GC-MS). To study the epoxidation of cyclooctene at the
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surface of metallic gold, four potentials were selected (Figure 3a, the corresponding electrolysis
curves are given in Figure S10). Figures 3a and b show that at potentials where substantial gold
dissolution is happening (1 C passed at 1.40 and 1.46 V vs SHE), 36.3 and 56.5 pmol.L™.C™* of
cyclooctene oxide were produced, corresponding to Coulombic efficiencies (CEs) of 2.9 and 4.5%
respectively (no overoxidation products such as cyclooctanone were detected). However, at 1.54
and 1.60 V vs SHE, potentials at which gold dissolution is negligible owing to the formation of a
gold oxide layer, very low electrolysis currents were obtained and consequently, no epoxide or
overoxidation products were detected by GC-MS. A chemical reaction between cyclooctene and
oxygen ligands at the surface of the electrochemically generated oxide layer can thus be excluded
to explain the formation of epoxide detected at lower potentials. These results point toward a
sacrificial epoxidation mechanism in the corresponding potential range, where dissolved gold
species play a critical role. It must be emphasized that electrolysis tests were performed using a
rotating disk electrode (RDE) (0.196 cm? gold RDE immersed in 4 mL of electrolyte), explaining
the relatively low CEs obtained. Using high surface area electrodes in electrochemical cells
adapted to electrolysis would certainly help increasing the epoxidation CE, but given the low
efficiency of gold as an epoxidation catalyst and the sacrificial nature of the mechanism at low

potentials (see discussion below), no specific effort was paid toward optimization.
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Figure 3. (a) Electrolysis potentials selected for the low overpotential mechanism (CV recorded at 0.1 mV.s?) and
(b) corresponding cyclooctene oxide produced per volume of electrolyte and charge passed (the associated CE is given
on top of the red bars) and quantity of gold dissolved during the electrolysis per volume of electrolyte. (c) Electrolysis
potentials selected for the high overpotential mechanism and (d) corresponding cyclooctene oxide produced per
volume of electrolyte and charge passed (the associated CE is given on top of the blue bars) and quantity of gold
dissolved during the electrolysis per volume of electrolyte. (e) Simplified view of the two epoxidation mechanisms at
gold electrodes depending on the potential range.

Homogeneous gold cationic complexes being known to n-activate alkenes toward nucleophilic
attack,%® it is likely that the epoxidation first proceeds by the activation of the substrate,
cyclooctene, by dissolved cationic gold species at the surface of gold, which then react with water.
The epoxide is finally formed following the transfer of hydrogen atoms. A simplified view of the
epoxidation mechanism and the redox processes involved is given on the left panel of Figure 3e.
However, the lifetime of these gold cationic species is certainly very short, as discussed above for

the UV-Vis results, and attempts to catalyze the oxidation of cyclooctene by first dissolving gold
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from metallic electrodes were unsuccessful, reinforcing our conclusion that cationic species are

the ones predominantly responsible for the activation of cyclooctene (Figure S11).

To study the epoxidation of cyclooctene at gold oxide surfaces, electrolysis tests were performed
at three potentials (Figure 3c, corresponding electrolysis curves are given in Figure S12).
Cyclooctene oxide was detected for the three potentials, with quantities and CEs lower than those
obtained at gold metallic surfaces (Figure 3d), indicating that at these very high potentials,
overoxidation is not negligible (7.8, 1.8 and 0.9 umol.L™.C* of cyclooctanone were detected after
electrolysis at 2.1, 2.3 and 2.5 V vs SHE respectively). Interestingly, the CE toward epoxidation
decreases when the applied potential increases, showing that at higher voltages the OER is favored.
The amount of gold dissolved relative to the charge passed is two orders of magnitude lower than
that for the previous mechanism, showing that at these potentials, gold dissolution is minimal and
that the mechanism is not sacrificial (Figure S13). More striking is the observation that the catalytic
current recorded in the OER potential range is identical with or without cyclooctene (Figure 1a).
Such similarity, previously observed in the literature but not discussed,?”? suggest that the OER
and the epoxidation may share similar intermediates, as schematically represented on the right
panel of Figure 3e. Considering the steps commonly accepted for the OER, water adsorption H.O
+*=*0OH + H* + e followed by a deprotonation step *OH = *O + H* + e (* denotes a surface
site) may be shared between the OER and the epoxidation. On the contrary, the O-O bond
formation step *O + H20 = *OO0OH + H* + e” and the final oxygen evolution *OOH =* + O, + H*
+ e are unique to the OER. Observing that the CE for epoxidation decreases with overpotential,
kinetic control of the epoxidation reaction may originate from a step that differs from the O-O
bond formation or oxygen evolution ones and that potentially does not involve electron transfer,

such as the reaction of the alkene with surface *O species.
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These results thus reveal that two epoxidation mechanisms are at play on the surface of gold
electrodes in ACN/water mixtures, depending on the potential range. These two mechanisms,
driven by different chemistries at the surface of gold, differ in nature, with one on the surface of
metal oxides being heterogeneous and sharing common intermediates with the OER, i.e. water
activation, while the other one most likely follows the activation of the substrate, cyclooctene, by
the in situ formation of an homogeneous cationic metal catalyst. However, for the latter
mechanism, the role of gold NPs and surface roughness caused by dissolution on the epoxidation
reaction cannot be overruled. Gaining more insight into the species involved would require a

comprehensive study on its own.

Effect of the nature of the supporting salt cation. Previous studies have revealed that the nature
of the supporting salt cation can change the hydrophilicity of the electrochemical double layer,
thus allowing for tuning the kinetics and selectivity of electrochemical reactions.®*"* Qur
attention then turned to the effect of supporting salt cations on the epoxidation mechanisms at low
and high potentials, where cyclooctene and water are activated, respectively. Three cations were
selected, one organic and hydrophobic cation (TBA™) and two inorganic ones (Li* and Na*) having
different Lewis acidities. Figures 4a and b show that the catalytic current corresponding to water
activation at high potentials is not affected by the nature of the cation. This result is in line with
previous studies showing that cations only influence the kinetics of the best performing catalysts
for the OER and HER, i.e. those requiring lower driving force.®*’® At lower potentials, the
electrochemical response in Li*- and Na*-containing electrolytes is found to be similar, pinpointing
that for hydrophilic cations, the strength of the short-range cation-water interaction (stronger for
Li* than for Na*) does not affect the dissolution of gold and the formation of gold oxide (Figure

4a). In the presence of cyclooctene (Figure 4b), the anodic charge Qox at 10 mV.s is significantly

14



greater (~ 30 times) with the hydrophobic cation TBA* than that recorded for the two inorganic

cations, whereas only a slight increase is observed without cyclooctene (~ 2 times).

As similar electrochemical responses are recorded for Li* and Na* independently of the presence
of cyclooctene, we then restricted the comparison to TBA™ and Li* in the following. EQCM
measurements show that the increased charge passed with TBA" compared to Li* independently
of the presence of cyclooctene is correlated to an increase in frequency of the quartz resonator of
the same order of magnitude (Figure S14). The EQCM responses thus show that the dissolution of
gold in TBA*-containing electrolytes is more important than in Li*-containing ones (higher
frequency increase for an anodic scan in TBA*-containing electrolytes) and therefore reveal that
the nature of the supporting salt cation mainly affects gold dissolution into the electrolyte. As a
consequence of the greater amount of dissolved gold species, electrolysis performed at 1.46 V vs
SHE shows that more epoxide is produced in the TBA*-containing electrolyte compared to the
Li*-containing one (Figure 4c). Quantitatively, ~ 8.5 times more gold is dissolved during
electrolysis with the TBA*-containing electrolyte whereas the associated CE is only two times
higher, highlighting again the poor catalytic efficiency of dissolved gold species toward

epoxidation. For the mechanism at high potentials, as expected, since no difference is observed

15



between the different cations (Figure 4b), the amount of cyclooctene oxide produced during

electrolysis at 2.30 V vs SHE in TBA™- and Li*-containing electrolytes is similar (Figure 4d).
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Figure 4. Cyclic voltammograms obtained at a rotating gold electrode in ACN/water mixture (a) in the absence and
(b) in the presence of cyclooctene as a function of the supporting salt cation (TBA™: blue, Na*: orange and Li*: mauve).
WE: polycrystalline gold, CE: Pt wire, Ref: leakless Ag/AgCI, Ar-saturated ACN/5 M water/0.1 M TBACIO, or
NaClO, or LiClO4/0 or 200 mM cyclooctene, 10 mV.s*, 1,600 rpm. (c) Quantity of cyclooctene oxide and gold
dissolved during electrolysis at 1.46 V vs SHE for the TBA*- and Li*-containing electrolytes and (d) quantity of
cyclooctene oxide and gold dissolved during electrolysis at 2.3V vs SHE for the TBA*- and Li*-containing
electrolytes.

To rationalize the experimental results gathered at low potentials, classical molecular dynamics
(MD) simulations were first performed for TBA*- and Li*-containing bulk electrolytes (full details
on the simulations are given in the Methods and the composition of the simulation boxes is given
in Tables S1 and S2). The existence of agueous and organic domains at the nanoscale in
ACN/water (10 wt% water) was demonstrated in a previous study.>® Adding cyclooctene in
ACN/5 M water (corresponding to ~ 11 wt% water) mixtures does not alter the nanostructuring of
the electrolyte, which is visible on snapshots shown in Figure 5a and b. Analysis of the simulations
shows that, as expected, cyclooctene is located in the organic nanodomains (Figure S15) and that
the presence of cyclooctene in the electrolyte does not disturb the aqueous nanodomains (Figure

S16). Bulk MD simulations show that in both TBA*- and Li*-containing electrolytes, cyclooctene

is solvated by the same number of ACN and water molecules (Figure S15). Although a slight

16



preferential interaction between cyclooctene and TBA™ terminal carbons exists (Figure 5c, top),
the non-polarizability of cyclooctene prevents any favorable interaction with any cation (Figure
5c¢, bottom). The solvation shell of cyclooctene is thus the same in both electrolytes. Therefore, no

difference in bulk solvation structure can explain the aforementioned experimental results.
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Figure 5. Snapshots of the bulk MD simulations in (a) Li*- and (b) TBA*-containing electrolytes in the presence of
cyclooctene. Water molecules are represented in red, ACN in grey (the size of which was decreased for clarity), ClOs
inorange, TBA* in deep blue, Li* in mauve and cyclooctene in cyan. (¢) Top: radial distribution function, g(r), between
cyclooctene’s center of mass (#) and the terminal carbons of TBA* (blue) and Li* (purple). Down: number of TBA*
and Li* surrounding cyclooctene as computed from the corresponding g(r)’s.

We then focused on the structure of the electrochemical double layer at the anode as a function of
the supporting salt cation. For that, classical MD simulations at electrified interfaces applying a

constant voltage of 1V between two planar gold electrodes were performed for TBA*- and Li*-
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containing electrolytes in the presence and in the absence of cyclooctene (full details on the
simulations are given in the Methods and the composition of the simulation boxes is given in
Tables S3 and S4). Snapshots of the simulations in the absence of cyclooctene (Figure 6a) and
corresponding density profiles of water and ACN in the vicinity of the electrode (Figure 6b and c)
show that water adsorption at the surface of gold is very low compared to that of ACN in both
electrolytes, a phenomenon already observed in the literature for Pt surfaces.’* As seen on the
density profile of water (Figure 6b), the interface is more hydrophilic in the presence of Li* cations
than in the presence of hydrophobic TBA™ cations whereas no difference is found between both
electrolytes for the adsorption of ACN (Figure 6c). It is noteworthy that Li* cations are adsorbed
on the anode (Figure 6a and Figure S17), the strength of which will be discussed below. The Li*-
OH: interaction being strong (Figure S18), the adsorbed Li* brings water molecules to the surface,
explaining the more hydrophilic interface found for the Li*-containing electrolyte. In the presence
of cyclooctene, water adsorption is also very low compared to that of ACN and cyclooctene is
found to favorably adsorb at the gold electrode, contributing to the increase of the hydrophobicity
of the interface for both Li* and TBA* (Figure 6d and S19). Nevertheless, for the electrolyte
containing Li* cations, the interface retains some hydrophilicity due to the presence of Li* cations
adsorbed at the anode which, as discussed without cyclooctene, helps bringing water at the

interface.
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Figure 6. (a) Snapshots of the MD simulations at electrified interfaces in the vicinity of the gold anode in the absence
of cyclooctene in Li*- and TBA*-containing electrolytes. Density profiles of (b) water and (c) ACN at the anode
interface in Li*- (mauve) and TBA*-containing (blue) electrolytes in the absence of cyclooctene. (d) Snapshots of the
MD simulations at electrified interfaces in the vicinity of the gold anode in the presence of cyclooctene in Li*- and
TBA*-containing electrolytes. (e) Potentials of mean force (pmf) between Li* (mauve), cyclooctene’s center of mass
in Li*-containing electrolyte (purple), cyclooctene’s center of mass in TBA*-containing electrolyte (blue) and gold
anode atoms as obtained from umbrella sampling calculations. For the snapshots, oxygen and hydrogen atoms of water
molecules are represented in red and white respectively, ACN in grey (the size of which was decreased for clarity),
ClOy4 in orange, TBA™ in deep blue, Li* in mauve and cyclooctene in cyan. For the density profiles and the pmf, the
distance to the anode refers to the distance to the center of mass of the gold atoms constituting the first layer of the
anode, i.e. the ones in contact with the electrolyte.

As the adsorption of Li* and cyclooctene molecules at the anode found from the MD simulations
drastically affects the structure of the electrochemical double layer and particularly its
hydrophilicity, the strength of their adsorption was quantified before drawing further conclusions.
However, the relatively low number of Li* and cyclooctene molecules in the simulation boxes (20

and 40 respectively) prevents the sampling of the density profiles to derive any potential of mean
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force (pmf) between these species and gold atoms of the electrode. To circumvent this limitation,
pmf were obtained using the umbrella sampling technique,’® which allows for the sampling of the
adsorption profiles of Li* and cyclooctene molecules at the anode/electrolyte interface (see
Methods). The umbrella sampling technique was used for the systems with electrolytes containing
cyclooctene and the obtained pmf shown in Figure 6e confirm the strong adsorption of Li* and
cyclooctene at the gold anode (a discussion on the shape of cyclooctene adsorption profiles in both
electrolytes is given in Figure S20). Indeed, adsorption free energies of -387, -442, and -498 meV
were obtained for Li*, cyclooctene in the Li*- and in the TBA*-containing electrolyte, respectively,
more than two times higher than the free energy associated to the Li*-OH> interaction in the bulk

(Figure S18).

The experimental results gathered at low potentials can therefore be explained by a change in the
hydrophilicity of the electrode/electrolyte interface as a function of the supporting salt cation. In
the absence of cyclooctene, the favorable adsorption of Li* cations at the gold anode brings water
molecules to the surface and consequently increases the hydrophilicity of the interface. The
increased hydrophilicity of the interface thus favors the reactivity of water toward the formation
of gold oxide over gold dissolution, which explains the higher gold dissolution observed in the
TBA*-containing electrolyte as compared to the Li*-containing one (Figure 4a and S14a). In the
presence of cyclooctene, two phenomena are at stake. The favorable adsorption of cyclooctene
molecules at the anode in both electrolytes contributes to making a more hydrophobic interface in
both cases. However, in the presence of Li* cations, there is a competition between the adsorption
of Li" and that of cyclooctene owing to adsorption free energies of the same order of magnitude,
thus providing a means for water to access the surface. As a consequence, in the presence of

cyclooctene, the gold oxide formation is also favored over gold dissolution in the presence of Li*
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cations. Bearing in mind that the chelating power of cyclooctene drastically increases gold
dissolution into the electrolyte, the consequences of having a more hydrophobic interface in the
TBA*-containing electrolyte are amplified, explaining the much greater gold dissolution observed
as compared to the Li*-containing one in the presence of cyclooctene (Figure 4b and S14b). More
importantly for the application, the greater amount of dissolved gold species in the presence of
TBA" cations as compared to Li* cations results in an improved epoxidation yield (Figure 4c). Our
results thus show that tuning the hydrophilicity/hydrophobicity of the electrochemical interface

can modulate the selectivity of complex anodic reactions.

CONCLUSION

In summary, through a careful selection of electrocatalyst and electrolyte composition, we have
demonstrated that epoxidation mechanisms are drastically dependent on the surface of the
electrocatalyst. By exploiting the fact that in ACN/water mixtures water reactivity at gold metallic
surfaces is decoupled from that at gold oxide surfaces, we have gained insight into the role played
by these two electrocatalytic surfaces on the transfer of oxygen from water to alkenes. This
distinctive property allowed us to show that at metallic gold surfaces, the epoxidation of
cyclooctene proceeds via the activation of the substrate by the in situ formation of an homogeneous
cationic metal catalyst in a sacrificial manner whereas at gold oxide surfaces, the epoxidation
mechanism shares similar reaction intermediates with the OER, i.e. water activation. Furthermore,
we show that the mechanism at low overpotentials, i.e. the one at metallic gold, is strongly
impacted by the electrolyte composition when changing the nature of the supporting salt cation,
resulting from a modification of the hydrophilicity of the electrode/electrolyte interface. The
electrode/electrolyte interface was shown to be more hydrophobic in the presence of TBA™ cations

as compared to Li* cations, resulting in an increased gold dissolution into the electrolyte and an
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improved epoxidation Coulombic efficiency at gold metallic surfaces. However, due to the very
high potentials required to activate water at gold oxides surfaces, the epoxidation mechanism at
gold oxide was shown to be -cation-independent. Anticipating transition metal oxides
electrocatalysts capable of transferring oxygen atoms to organic molecules at lower potentials we
can postulate that such cation-dependent mechanisms could be at stake, which would expand the
scope of the present study. The effect of the nature of anions on anodic reactions such as
epoxidation, which intuitively could be more pronounced than that of cations, is currently under
investigation and could enrich the tuning of the electrode/electrolyte interface toward improved
yield and selectivity. Finally, our study highlights that the mechanistic investigations of complex
electrosynthetic reactions could benefit from the methodologies and knowledge gathered in the

past few years in the electrocatalysis field, as recently suggested in the literature.”
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METHODS

Reagents. Acetonitrile (99.9%, AcroSeal) was purchased from Acros Organics. Cis-cyclooctene
(95%, stabilized with 100-200 ppm Irganox® 1076 FD), lithium perchlorate (anhydrous, 99%),
sodium perchlorate (anhydrous, ACS, 98.0-102.0%) and tetra-n-butylammonium perchlorate
(electrochemical grade) were purchased from Alfa Aesar. Anisole (anhydrous, 99.7%),
cyclooctene oxide (99%), ferrocene (98%) and gold standard for ICP-MS (TraceCERT®, 1.000 +
0.003 mg.L? in 5% HCI) were purchased from Sigma-Aldrich. 1,5-cyclooctadiene (99+%,
stabilized, purified by redistillation) was purchased from Fisher Scientific. Milli-Q® water (18.2
MQ.cm at 25°C) was used for electrolytes containing water. Cyclooctene was kept in a fridge and
regularly purged with argon to avoid any unwanted reaction with oxygen. Cyclooctene purity was

regularly checked with *H-NMR and GC-MS.

Electrochemical measurements (general). Data were acquired on a BioLogic VSP potentiostat.
All electrochemical measurements were recorded using a three-electrode cell setup with a leakless
Ag/AgCl (ET069, diam. 5 mm, L 100 mm, eDAQ, provided by Mengel Engineering) reference
electrode (regularly calibrated against ferrocene). A flame-annealed platinum wire or a graphite
rod (L 150 mm, diam. 3 mm, low density, 99.995 % trace metals basis, Sigma-Aldrich) were used
as a counter electrode and placed in a separate compartment. Prior to any measurement, glassy
carbon, polycrystalline gold and polycrystalline platinum electrodes (5 mm diameter, 0.196 cm?
geometric surface area, Pine research) were polished with three polishing slurries (6 um diamond
on nylon polishing disc, followed by 0.3 pm and 0.04 pm aluminum oxide on micro-cloth
polishing disc) using a polishing machine (Le Cube, Presi). Residual traces of slurries were
removed by sonicating the as-polished electrodes three times in water (1 min each) and one time

in acetone (1 min). The ohmic drop was measured by electrochemical impedance spectroscopy
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(EIS) after electrochemical measurements. Typical values of around 50 to 70 Q were obtained.
The ohmic drop compensation was performed manually during the data treatment (85% of
correction). To remove metallic impurities, the cell and the separate compartment for the counter
electrode were regularly washed with aqua regia and to remove organic impurities they were
regularly washed with KMnO/H2SO4 (1 g.L"! KMnO4 dissolved in 0.5 M H,SOs) solution

followed by a diluted 1:1 H202/H>SO4 solution.

Preparation of electrolyte solutions. Solutions of 0.11 M supporting salt (lithium, sodium and
tetra-n-butylammonium perchlorate) in acetonitrile were prepared by dissolving respectively
585.2, 673.4 and 1,880.5 mg of the corresponding salt in 50 mL of dry acetonitrile. The electrolytes
that do not contain any organic substrate were prepared as follow: the 0.11 M supporting salt
acetonitrile solutions were mixed with 0.90 mL of Milli-Q® water in a 10 mL volumetric flask to
give acetonitrile/water mixtures containing 0.10 M supporting salt and 5.0 M water. The final
concentration of supporting salt was calculated after experimentally measuring the density of the
0.11 M supporting salt acetonitrile solutions (0.789 g.cm™ at room temperature, no significant
difference was observed with the different supporting salts) and the density of the final
acetonitrile/water mixture (cf. Table S1 and S2). The electrolytes containing 200 mM cyclooctene
were prepared as follow: the 0.11 M supporting salt acetonitrile solutions were mixed with 0.92
mL of Milli-Q® water in a 10 mL volumetric flask. Then, 4.0 mL of this mixture were degassed
with Ar and mixed with 114 pL of cyclooctene right before the electrochemical experiments giving

a mixture containing 0.098 M supporting salt, 4.98 M water and 200 mM cyclooctene.
Electrochemical Quartz Crystal Microbalance experiments (EQCM).

EQCM measurements were conducted using a lab-made microbalance setup connected to a

Biologic potentiostat (SP200). Gold patterned quartz resonators (with polished surface finish) were

24



used as working electrodes (Ti/Au coated QCM sensor operating at 9 MHz, 14 mm diameter, gold
electrode surface of 0.2 cm?, AWSensors, Valencia, Spain) in Ar-saturated ACN/5 M water/0.1 M
TBA or LiClO4/0 or 200 mM cyclooctene and in 0.1 M HCIO.. A Pt wire (placed in a separate

compartment) and a leakless Ag/AgCl were used as counter and reference electrodes, respectively.
Gas chromatography — mass spectrometry measurements (GC-MS).

Products generated by electrolysis were analyzed and quantified by GC-MS on a Shimadzu
GCMS-QP2020 equipped with a polar Restek SH-Rtx-Wax column (59.7m x 0.32mm x 0.50um).
Anisole was used as an internal standard for each sample. After each electrolysis, 980 pL of
electrolyte were mixed with 20 pL of a 0.10 M anisole solution in acetonitrile. 0.5 pL of the as-
prepared mixtures were injected into the GC-MS machine. The parameters used for the gas column

and the mass spectrometer were:

- GC: injection mode: Split with a ratio of 20.0, column oven temperature: 70°C, final
temperature: 240°C, heating rate: 10°C/min, holding time at 240°C: 5 min.
- MS: ion source temperature: 200°C, acquisition mass range: 12-200 m/z, scan speed: 5000

amu.s™.

A cutoff of 5 min was applied to avoid saturating the detector with acetonitrile and cyclooctene.
Anisole retention time was ~ 8.2 min and cyclooctene oxide retention time was ~ 10.2 min. The
limit of detection for cyclooctene oxide was estimated to be 0.01 mM by injecting samples with

varying known concentrations of cyclooctene oxide.

Inductively coupled plasma mass spectrometry (ICP-MS).
ICP-MS measurements were performed on a PerkinEImer NexION 2000 ICP mass spectrometer

equipped with an autosampler (flash sample: 80s, peristaltic pump speed: 42 rpm). Prior to
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measurements, the instrument was calibrated and the performance check was performed using
PerkinElmer’s NexION setup solution (TruQ™ms, 1 pg.L* Be, Ce, Fe, In, Li, Mg, Pb, U in 1%
HNO:s). For each set of measurements, a standard range of 0.05; 0.10; 1.0; 10 and 100 ppb Au
solutions in 2.0 wt% HNO3 in Milli-Q® water was prepared using the gold standard solution for
ICP-MS (TraceCERT®, 1.000 + 0.003 mg.L? in 5% HCI). Each set of measurement was

performed following the same procedure:

1) Measurement of 2 blank samples (2 wt% HNO3z in Milli-Q® water)

2) Measurement of samples belonging to the standard range

3) Measurement of 2 blank samples (2 wt% HNO3z in Milli-Q® water)

4) Measurement of 1 “verification sample” at 1 ppb of the desired element

5) Measurement of 1 blank sample (2 wt% HNO3z in Milli-Q® water)

6) Measurement of samples of interest (if the number of samples to measure was greater than
15, one blank sample, one “verification sample” and another blank sample were measured

after the 15" sample).

After each electrochemical experiment, the electrolyte was collected in a vial and 5 mL of 2.0 wt%
HNO3z solution in Milli-Q® water were poured into the electrochemical cell to collect the
remaining gold. To prepare the ICP samples, 250 pL of the collected electrolyte and 250 pL of the
5mL of the 2.0 wt% HNO3 washing solution were added in two separate 25 mL volumetric flasks
which were completed by 2.0 wt% HNO3 solution. When an ICP sample was too concentrated and
exceeded the upper limit of the standard range it was diluted again by 100. The cell and the separate
compartment for the counter electrode used for the electrochemical experiments were washed with

aqua regia after each experiment to remove any remaining traces of gold.

UV-vis spectroscopy.
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UV-vis spectra were recorded on a Mettler Toledo UV5bio spectrometer.
Bulk molecular dynamics simulations.

Classical MD simulations of the bulk electrolytes were performed using the MetalWalls code.”
Acetonitrile solvent was described with a six-site model.” The SPC/E model was chosen for water
molecules.”® Force field parameters for perchlorate anions and TBA cations were taken from ref.
77 and ref. 78 respectively. OPLS-AA force field was chosen for cyclooctene and was generated
by Aten molecular modelling software (v1.9). The Lennard—Jones parameters for Li* were taken
from Aqvist.”® Mixed Lennard—Jones parameters for all of the different atom types were obtained
using the Lorentz—Berthelot combination rules. The simulations were performed in the NVT
ensemble at 298 K for 60 ns using the Nosé-Hoover thermostat®®8! (relaxation time of 0.5 ps) with
a timestep of 1 fs and saving configurations every 1 ps. The number of each molecule/atom in the
boxes (the number of LiClO4 or TBACIO4 was fixed to 5 per box) and the size of the boxes were
calculated to match the experimental densities of the investigated electrolytes (the physical
properties of the different electrolytes and the corresponding box configurations are given in
Tables S1 and S2). The initial configuration was obtained by generating a cubic box using the
PACKMOL package.®? Long-range electrostatic interactions were computed with the Ewald
summation method, while a cut-off of 9 A was adopted for the non-bonded interactions. The
SHAKE algorithm was employed to constrain the stretching interactions involving hydrogen
atoms 238 All the analyses were performed on the last 50 ns with TRAVI1S858¢ and VMD software

was used to visualize boxes and generate snapshots.®’

Molecular dynamics simulations at constant applied voltage.
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Classical MD simulations of the electrolytes at the interface with gold electrodes at constant
applied voltage were also performed using the MetalWalls code.” The same force fields for the
electrolyte molecules as for the bulk simulations were used. The simulations were performed at a
fixed potential difference of 1V between two planar gold electrodes following the approach
detailed in refs. 88,89. Each gold electrode had a size of 36.63 x 36.63 A and was made of 810
gold atoms arranged in 5 slabs of 162 atoms each ((100) orientation). The Lennard-Jones
parameters for the electrode gold atoms were taken from ref. 90. 2D periodic boundary conditions
were used in the xy directions. The simulations were performed in the NVT ensemble at 298 K
with the Nosé—Hoover thermostat®®®! (relaxation time constant of 0.5 ps) using a timestep of 1 fs
and saving configurations every 1 ps. Long-range electrostatic interactions were computed with
the Ewald summation method in 2D with a combination of point charges for the electrolyte and
Gaussian charges for the electrodes,3°! the latter with a Gaussian width taken from ref. 92, while
a cut-off distance of 12 A was adopted for the non-bonded interactions. The SHAKE algorithm
was employed to constrain the stretching interactions involving hydrogen atoms.®# The number
of electrolyte atoms/molecules used was increased fourfold as compared to boxes for bulk
simulations (boxes configurations are given in Tables S3 and S4). In order to obtain the correct
liquid density, the electrodes were allowed to move in the z direction, by applying a pressure on
both side with the help of a piston, and simulations were performed until the electrodes oscillate
around an equilibrium value (this step taking 1 to 2 ns depending of the system). Then, the pistons
were removed (the z dimensions given in Tables S3 and S4 correspond to the size in the z direction
of the boxes after the pistons were removed) and the systems were simulated for another 0.5 ns to
ensure that the density at the center of the box matches the density of the bulk. Finally, a constant

potential difference of 1V was applied between the two electrodes, and the systems were simulated
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until the electrode charges equilibrated (5 to 10 ns depending on the system), followed by a
production run of 5 ns. VMD software was used to visualize boxes and generate snapshots.®” The
umbrella sampling calculations of Li* and cyclooctene adsorption profiles along the z coordinate
was accomplished using the open-source PLUMED library, version 2.7.1.% For both species, nine
calculations were performed at z values of 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 A from the

anode surface with a spring constant of 2,500 kJ.mol*.nm™2.

ASSOCIATED CONTENT

Additional experimental (cyclic voltammetry, rotating ring disk electrode measurements,
electrolysis curves, EQCM, ICP-MS) and MD simulations data to support the results of the main
text (Figures S1-S20, Tables S1 to S4).
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