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ABSTRACT: An on-demand electrochemical synthesis of copper(l) triflate under both batch and
continuous flow conditions has been developed. A major benefit of the electrochemical
methodology is that the only by-product of the reaction is hydrogen gas which obviates the need
for work-up and purification, and water is not incorporated into the product. Upon completion of
the electrochemical synthesis, solutions are directly transferred or dispensed into reaction mixtures

for the catalytic oxidation of benzyl alcohol with no requirement for work-up or purification.



Metal triflates display a wide variety of applications in inorganic chemistry and catalysis in
particular.'* Recent examples show that Ni(OTf), displays superior catalytic activity compared to
other Ni salts in C—H arylation and C—C coupling reactions.> ® Fe!l or Fe'!! triflate salts have
performed better than other Fe salts in oxidation, radical addition, and C—O bond silylation.””
Despite these representative examples and their widespread use in catalysis, there remain
challenges associated with the synthesis of metal triflates, which often involves reacting a metal
halide with AgOTf. This can result in water being present in the product, halide impurities and
difficult removal of silver salts. An electrochemical synthesis of metal triflates, in which hydrogen

gas is the only by-product, negates these challenges.

An excellent example of a metal triflate outperforming related metal salts in catalysis is the copper-
catalysed aerobic oxidation of alcohols.!®!® This transformation is gaining widespread traction
throughout academia and industry as a reliable and convenient method to convert alcohols to
aldehydes without overoxidation. This reaction utilises an earth-abundant first row transition metal
catalyst and molecular oxygen under mild conditions, which provides an environmentally benign
methodology that can allow late-stage modification of alcohols. In this instance, Cu! triflate has
been found to dramatically increase catalytic activity when compared to either Cu' halides or Cu"

triflate.'”

The use of Cu' triflate presents a specific problem as it is highly sensitive to the presence of oxygen
and moisture and will readily oxidise to its Cu' congener if not stored under inert conditions. The
weakly coordinating nature of the triflate anion in Cu' triflate results in a ligand or counter anion
which is loosely bound to the metal. This provides stability to the metal complex while retaining
a high degree of reactivity as it is not encumbered by a more closely bound ligand or counter anion.

This allows reactions at the metal centre to proceed in a more facile manner. Owing to the sensitive



nature of Cu' triflate an on-demand synthesis is desirable so it can be produced and used

immediately before it can degrade.

Current methodologies for the synthesis of Cu' triflate can provide high yields but suffer from
several drawbacks including relatively sensitive and expensive reagents, harsh reaction conditions,
and complicated purification. There are two commonly used routes to produce Cu! triflate, both of
which were developed in the 1970s (Scheme 1).2°** The first involves synproportionation of
Cu''(OTf), and copper metal in the presence of triflic acid (HOTf). While this method is high
yielding, an excess of copper metal is required and vacuum distillation to remove triflic acid and
MeCN is necessary, or the product must be stored as a dilute MeCN solution with copper metal
still present to avoid oxidation (Scheme 1A). The second method involves refluxing Cu' oxide
with triflic anhydride in benzene to provide a Cu' triflatesbenzene complex (Scheme 1B).?*?” This
method typically does not deliver full conversion which can complicate purification, and triflic
anhydride is expensive and very sensitive to oxygen and moisture. Finally, while Cu' triflate is
commercially available, it is often only available in 90% purity and it must be stored under inert

conditions which highlights the desire for an on-demand and scalable synthesis.



Scheme 1: Established protocols for the synthesis of copper(I) triflate (A and B) and the protocol

developed in this work (C).
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The recent resurgence of electrochemistry provides an opportunity to dramatically improve the
synthesis of Cu' triflate and to develop on-demand and clean access (Scheme 1C).2%3! It was
envisioned that this route would allow a reaction solution to be used directly in a subsequent
catalytic step without any purification or removal of solvent. This is particularly attractive for the
aerobic oxidation of alcohols developed by Stahl and co-workers. This copper-catalysed protocol
provides facile access to aldehydes without overoxidation to carboxylic acids.??-* Cu! triflate is an
excellent catalyst for this transformation as significant rate enhancements are observed when

compared to Cu' halides or Cu' triflate. The mechanism of this reaction has been studied

36-39 40, 41

extensively, it can be conducted in both batch and continuous flow, and a process
development approach has been used for scale-up.** While many aspects of this process have been

optimised, the use of sensitive Cu' triflate remains the catalyst of choice.



Our investigations began by examining the electrochemical synthesis of [Cu(MeCN)4]OTT using
only triflic acid, copper electrodes and acetonitrile as starting materials. It was expected that
protons from triflic acid would be reduced to hydrogen gas leaving a triflate anion which could
unite with Cu' ions released from the sacrificial anode.**** The galvanostatic mode of operation
was chosen as selectivity was not anticipated to be a problem given the low reduction potential of
protons (2H" + 2e” — Ha, E* = 0 V vs SHE).**¢ Likewise, the oxidation of the sacrificial copper
anode only requires 0.52 V vs SHE (in aqueous solution).*® Acetonitrile was chosen as the solvent
due to its good stability under electrolysis and its coordinating ability and affinity for Cu'.
Stabilisation of the Cu' ion occurs through coordination of four acetonitrile molecules.*” Cyclic
voltammetry was performed in acetonitrile using a Cu wire working electrode (Figure S3), with a
redox event found at -0.45V (vs Ag’/Ag') assigned to Cu/Cu' (0.14V vs SHE), thus stabilization
is provided by acetonitrile as expected. In the presence of HOTT, the Cu/Cu' reduction potential is
shifted to -0.39V (vs Ag’/Ag', 0.20V vs SHE). The initial reaction conditions chosen for batch
electrolysis were triflic acid (2.0 mmol), 0.1 M in MeCN, galvanostatic mode (50 mA, 2.2 F mol”
!, 54 A m?), Cu electrodes, under an inert atmosphere of argon (Scheme 2A). Under these
conditions, an isolated yield of 96% [Cu(MeCN)4]OTf was obtained after recrystallisation from

MeCN / Et;0.

The isolated [Cu(MeCN)4]JOTf was then utilised in an aerobic oxidation of benzyl alcohol
following a procedure reported by Stahl and co-workers which resulted in 98% conversion to
benzaldehyde (Scheme 2B).!° These encouraging results prompted us to explore the potential of
the electrochemical synthesis of [Cu(MeCN)4]JOTf in an ‘on-demand’ fashion in which the
complex is synthesised as it is needed and is transferred to a subsequent reaction without

purification or removal of solvent.



Scheme 2: Step-by-step synthesis of [Cu(MeCN4)]OTf (A) and its subsequent use in a Stahl

oxidation (B).
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As such, [Cu(MeCN)4]OTf was synthesised as above and an aliquot containing 5 mol%
[Cu(MeCN)4]OTT (assuming full conversion) was taken at the end of the electrolysis and directly
transferred to the catalysis reaction mixture. This resulted in full conversion to benzaldehyde. To
determine if 2.2 F mol"! is necessary in the electrolysis step to achieve full conversion to
benzaldehyde in the catalytic step, the electrolysis was performed as above with aliquots taken at
time intervals corresponding to a range of 1.0-2.3 F mol™! (Fig. 1).* The catalytic step requires a
basic reaction medium and any residual triflic acid from the electrolysis step may neutralise the N-
methylimidazole present in the catalytic step. The sensitivity of the catalytic reaction was probed
by spiking the reaction mixture with triflic acid and the efficiency of the reaction was found to be
highly susceptible to the presence of triflic acid (Table S1). As such, one equivalent of N-

methylimidazole was used in this experiment.
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Figure 1: Conversion of benzyl alcohol to benzaldehyde with aliquots of the electrolysis taken at

increasing electron equivalents.

When only 1.0 electron equivalent is used for the electrolysis step before an aliquot is transferred
to the catalytic reaction, low conversion was observed (20%). The conversion increases to 39%
after 1.2 F mol™ and reaches full conversion after 1.5 F mol™!. The increase in conversion for the
catalytic step is potentially due to either the decreasing concentration of triflic acid or the
increasing concentration of [Cu(MeCN)4]OTf which effectively increases the catalyst loading. To
confirm that only 1.5 F mol" are required, another electrolysis reaction was performed under
identical conditions except with only 10% N-methylimidazole and an aliquot was taken after 1.5

F mol™! and transferred to the catalytic reaction resulting in full conversion to benzaldehyde.

To understand the necessity for 1.5 F mol™!, two separate electrochemical reactions were carried

out in batch. The reactions were run for 1.0 F mol! and 1.5 F mol’!, with the anode and cathode



being weighed before and after the reaction (Table 1). After 1.0 F mol™!, [Cu(MeCN)4]OTf was
isolated in 58 % yield, with the anode reducing in mass by 133 mg. 74 mg Cu can be accounted
for in the product, with the cathode increasing in mass by 59 mg. Similarly, after 1.5 F mol™,
[Cu(MeCN)4]OTf was isolated in 82 % yield, with the anode reducing in mass by 201 mg. 104 mg
Cu can be accounted for in the product, with the cathode increasing in mass by 97 mg. The
experimental mass changes are in close agreement with the theoretical, hence the excess charge
can be accounted for by the plating of some of the Cu on to the cathode following its oxidation

from the anode.

Anode mass Cathode mass Isolated yield Mass of Cu in
change (mg) change (mg) [Cu(MeCN)4]OTf (%) product (mg)
1.0 F mol! | -133 (-127) +59 (+53) 58 74
1.5 Fmol! | -201 (-191) +97 (+87) 82 104

Table 1: Mass balance of Cu following the electrochemical synthesis of [Cu(MeCN)4]OTf at 1.0
F mol™! and 1.5 F mol™. Theoretical electrode mass changes are given in parentheses, calculated
from the overall theoretical mass of oxidised Cu based on the number of electrons added to the

system.

Given the success of the on-demand synthesis and use of [Cu(MeCN)4]OTf under batch
conditions, we began investigating its electrosynthesis under continuous flow conditions. The use
of a continuous system provides numerous advantages including the ability to reduce the
interelectrode gap, thus reducing resistance in solution and potentially increasing Faradaic

efficiency.*” Furthermore, the ability to directly dispense the outflow of the reactor into the



catalytic reaction mixture in an ‘on tap’ fashion provides process benefits as it is more
straightforward than transferring aliquots via syringe and the use of a continuous flow system
simplifies scale up. To this end, a continuous flow electrochemical reactor was used for the
electrolysis step to produce [Cu(MeCN)4]OTf and the outflow was dispensed directly into the
catalytic aerobic oxidation of benzyl alcohol. We have previously reported the development of an
electrochemical continuous flow reactor for the synthesis of Cu-N-heterocyclic carbene (NHC)
complexes.*’ In this instance we have used a scaled down version of the reactor which allows
smaller volumes specifically for the production of catalytic species to be delivered into reactions.*
Initially, reaction conditions similar to the batch electrolysis were employed involving 2.2 F mol”
'but with a lower current (5 mA, 55.6 A m™) and lower concentration of triflic acid (0.02 M). The
use of the continuous flow system allowed [Cu(MeCN)4]OTTt to be produced faster than the
optimised batch protocol with a 5 mol% aliquot (0.05 mmol) being produced in 36 minutes with a
residence time of 14 minutes. This aliquot was dispensed directly into a batch catalysis reaction

which resulted in full conversion after 3 hours (Scheme 3).



Scheme 3: Continuous flow synthesis of [Cu(MeCN)4]OTf dispensed directly into the catalytic

oxidation of benzyl alcohol.
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To optimise the continuous flow synthesis of [Cu(MeCN)4]OTT, we next investigated the Faradaic
efficiency of the system. This was performed by increasing the flow rate of the electrolysis step
and dispensing directly into a catalytic reaction. As the flow rate increased this shortened the time
that the outflow of the electrochemical reactor had to be dispensed into the catalytic reaction to
achieve a 5 mol% aliquot and reduced the input of electron equivalents in the electrochemical step
(Fig 2). Full conversion to benzaldehyde is observed following 1.6 F mol! (95% at 1.4 F mol ') in
the electrochemical step, which is similar to the batch protocol. Interestingly, as the amount of
electron equivalents is reduced the conversion to benzaldehyde drops off much less rapidly
compared to the batch protocol (Fig. 1). This is potentially derived from greater conversion of
triflic acid to [Cu(MeCN)4]OTf at lower electron equivalents as a result of better Faradaic
efficiency. Under the optimised continuous flow conditions, a 5 mol% aliquot of [Cu(MeCN)4]OTf

could be delivered to the catalytic reaction in 25 minutes with a residence time of 9.5 minutes.
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Figure 2: Conversion of benzyl alcohol to benzaldehyde using continuous flow reactor with

increasing electron equivalents.

A high yielding electrochemical protocol for the synthesis of [Cu(MeCN)4]OTf under both batch
and continuous flow conditions was developed. Advantages of the electrochemical protocol over
more traditional syntheses include high yield, very mild conditions, the use of bench stable and
inexpensive starting materials, elimination of water being incorporated into the product and simple
/ no purification. The electrochemical protocol can be used for the on-demand synthesis of
[Cu(MeCN)4]OTf using both batch and continuous flow methodologies which presents a particular
advantage for this sensitive Cu! salt. The on-demand synthesis has been demonstrated by an
aerobic oxidation of benzyl alcohol to benzaldehyde which requires Cu' rather than Cu" to proceed
efficiently. Extending this protocol to produce other metal triflates (e.g. Pd(OTf)2) would be
desirable as this would negate several challenges associated with the common synthetic routes

used today, in particular the incorporation of water which can cause problems in catalysis.
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An on-demand electrochemical synthesis of [Cu(MeCN)4]OTT, that negates water being
incorporated into the product and forms H» as the only by-product, has been demonstrated. It is
envisaged that the methodology may be applied to a range of metal triflate salts for direct use in

catalysis, with work-up and purification not being required.
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