Open Access Article. Published on 13 November 2018. Downloaded on 1/14/2026 4:04:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

COMMUNICATION

{ '.) Check for updates ‘

Cite this: Green Chem., 2018, 20,
5474

Received 17th October 2018,
Accepted 13th November 2018

DOI: 10.1039/c8gc03262a )
Peter W. Seauvill,

rsc.li/greenchem

Copper() acetylides are important intermediates for many synth-
eses and have been prepared here electrochemically in an energy
efficient manner. These were subsequently employed in simple
organic C—C bond forming reactions. We also demonstrate that
application of Faraday's laws allows the charge to be calculated so
that only the required amount of metal is used. In addition, the
application of copper-coated graphite electrodes allows the
maximum atom efficiency for this process and even offers a recov-
ery strategy to extract the metal following completion of the
reaction.

Introduction

Recent years have seen a renaissance in organocopper chem-
istry as our understanding of the mechanistic pathways of the
catalytic systems involved has grown. The elegant work of
Evano'®” and Hwang'*“ has done much to popularise the
chemistry of copper(i) acetylides as versatile reagents for a
wealth of synthetic operations. The observation that the
reagents can behave ‘classically’ by reacting with electrophiles
to form C-C bonds as well as displaying ‘Umpolung’ behaviour
to react with nucleophiles makes them attractive building
blocks for the construction of complex molecular frameworks.'*
Furthermore, they can be utilised cooperatively in a variety of
noble metal-catalysed processes (most notably the palladium-
catalysed Sonogashira reaction) to produce an even greater
diversity of products.” As shelf-stable yellow solids these species
can be prepared in bulk and stored almost indefinitely. We here
demonstrate that the preparation and utility of these species
can be improved in terms of energy efficiency and waste man-
agement by the application of electrochemistry and by consider-
ing the practical issues that classical methods present.
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There are two main methods for the preparation of copper
acetylides: (i) reaction of two equivalents of Cul with the
parent acetylene in an alcohol solvent with aqueous ammonia
or (ii) reaction of Cul with the parent alkyne in the presence of
K,CO; (Scheme 1). In terms of their ‘green’ credentials® the
solvent system of method (i) is reasonably good, however the
method requires two equivalents of cuprous halide to combat
the known propensity of Cu' salts to undergo disproportiona-
tion in aqueous solvent mixtures and thus produces both
excess copper and iodide waste that must be disposed of
appropriately.

Method (ii) requires the use of dimethylformamide:* a
dipolar aprotic solvent which has been identified as a major
problem for industrial scale synthesis.” Where dipolar aprotic
solvents are required, acetonitrile is much preferred, particu-
larly with new ‘green’ processes being identified for its prepa-
ration from benign feedstocks.® Drawbacks aside, both
methods allow easy access to the copper acetylide as they can
simply be collected via filtration.

Our group has long been interested in the chemistry of
acetylenes”® and has also developed a more recent interest in
electro-organic synthesis and its application to ‘green’ and sus-
tainable synthesis."®"'" As such, we wanted to explore the reac-
tivity of acetylenes under electrochemical conditions and were
attracted to the prospect of preparing the functionalised acety-
lides using a sacrificial copper anode where Cu' ions could be
released selectively by control of the applied potential. A sche-
matic representation of our approach is outlined in Scheme 2.

Some years ago, Mitsudo demonstrated that silver(r) acetyl-
ides could be prepared via a constant current protocol and
successfully demonstrated their applicability in palladium
catalysed coupling reactions.'> We were keen to know if the
cheaper and potentially more versatile copper reagents would

Cul (2 equiv)
EtOH, NHg(5q)

Cul,
DMF, K,CO3

Scheme 1 Classical methods of copper acetylide synthesis.
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Scheme 2 Proposed electrochemical generation of Cu acetylides.

behave similarly, as such an approach would offer various
advantages to the preparation of these species and their sub-
sequent reactions. Firstly, with electrochemical techniques it is
(theoretically at least) possible to calculate and measure the
charge required to generate the desired amount of Cu'.
Therefore, only the energy required for the formation of the
copper acetylide is consumed. Secondly, bulk copper metal is
cheap and readily available in pure forms due to its almost
ubiquitous applications in electrical wiring systems. Finally,
the process is atom efficient as there is no iodide present in
the starting copper species; for comparison only around 33%
of a sample of Cul is copper, not to mention the issues sur-
rounding the disposal of iodide waste.

Results and discussion

We therefore began by examining whether this approach
would deliver copper acetylides in yields competitive with
those known in the literature. We elected to use a divided cell
(‘H-cell’) with a copper working-electrode, a Pt wire counter-
electrode and a silver wire quasi reference-electrode. Initial
cyclic voltammetry (CV) experiments (Fig. 1) indicated that
copper ions (we hypothesised Cu' ions in the form of stabilised
Cu(MeCN),PFs complexes) could be released at oxidising
potentials in acetonitrile so we were confident that including
the alkyne and a suitable base in the mixture would yield the
corresponding copper(1) acetylides.

Pleasingly, application of an oxidative potential (constant
potential, +0.5 V vs. Ag wire) to the copper electrode in a solu-
tion of the terminal alkyne in a 0.1 M Bu,;NPFs/MeCN back-
ground electrolyte and the organic base 1,4-diazabicyclo[2.2.2]
octane (DABCO) yielded the copper acetylides in excellent
yields, when O, was excluded, allowing isolation simply by fil-
tration. Presumably, the current flow is maintained by the
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Fig. 1 CV plot, using Cu®-coated glassy carbon working-electrode, Pt
wire counter-electrode, Ag wire quasi reference-electrode in 0.1 M
Bu4NPFs/MeCN. Axes redrawn for clarity.
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well-known electrochemically-mediated Hofmann elimination
of the Bu,NPF4 electrolytic salt occurring in the cathodic
chamber."® Control and optimisation reactions are summar-
ised in the ESI (Table S1t) and include a demonstration that
commercial Cu(MeCN),PFs complex also successfully liberates
1 supporting our hypothesis regarding the identity of the
active copper species released from the electrode. The yields
and reaction times compare favourably with the classical
methods outlined in the literature (Scheme 3).'“” As a syn-
thetic preparation of these species, this method is extremely
efficient, however we wanted to develop a more sustainable
and general method of generating and using these species
without having to use a bulk metal plate as the electrode,
which would be less viable if a similar approach were to be
extended to other, potentially precious, metals. In addition, we
wanted to develop a method where the amount of metal and
charge passed could be more accurately measured to deter-
mine the efficiency of the process.

We were attracted by the prospect of electroplating a thin
layer of metal onto the surface of an inert electrode. In doing
so we hoped to be able to: (i) measure the exact amount of
metal deposited and used in reactions and (ii) use the metal
catalytically to perform carbon-carbon bond forming reac-
tions. We envisaged that the surface of a graphite rod could be
coated with metal by electroplating from an aqueous solution
of the metal salt. The metal ions could then be released by the
application of an oxidative potential as required. This
approach is outlined in Fig. 2.

As expected, a simple graphite rod was easily plated with a
fine layer of copper metal by application of a reducing poten-
tial (—0.5 V vs. Ag wire) to a 0.5 M solution of CuSOy(aq.). In an
example where this potential was applied for 600 s, a total
charge of 11.99 C was passed, and copper was clearly visible
on the graphite surface (Fig. 3). By applying Faraday’s laws
(eqn (1)), this corresponds to a maximum of 6.21 x 10~ moles
of copper metal deposited (or 3.95 mg). To place this in
context, the mass of cuprous iodide containing the same
amount of copper would be 11.83 mg.

We found that this method proved effective at confirming
our suspicion that Cu' was released into solution rather than

Cu plate (+0.5 V vs Ag wire) R——

DABCO (2.0 equiv), 0.1 M BuyNPFg/ MeCN,
constant potential, 5 h

MeQO S\%
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Scheme 3 Electrochemical preparation of copper acetylides.
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of Electrolysis
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Fig. 3 Graphite rod electrode coated with metallic copper and
Faraday's Laws of Electrolysis represented in eqn (1).

Cu". A simple experiment was devised in which a graphite rod
was coated with Cu’ from CuSOy(q) (13.40 C passed during
coating, equating to a maximum of 6.94 x 10~> moles of Cu®)
and used to produce copper acetylide 1 from phenylacetylene
(0.5 mmol) with the conditions seen in Scheme 3 (Pt wire
counter electrode), with the exception that all of the Cu
present on the graphite rod was released within 30 min and in
this experiment the alkyne was the reagent that was in excess
rather than the Cu. Our maximum theoretical yield for this
experiment was 11.43 mg of 1 if all available oxidised Cu
reacted. We isolated 8.10 mg (4.92 x 10~° moles) of 1, which
pertains to an excellent 71% efficiency of Cu atom integration
into the product. Furthermore, the charge passed during the
release of Cu ions was measured to be 6.17 C. Substituting this
figure back into eqn (1) along with the number of moles of iso-
lated 1 gives a good approximation of the oxidation state of the
copper released into solution, z, as being 1.30 (1) or in other
words, Cu' rather than Cu". When employing a graphite
counter electrode of the same dimensions as the working elec-
trode, a value of z of 1.12 was obtained and an efficiency of
77% was recorded (more details are available in the ESIT). This
indicates our method is robust even when asymmetric electro-
des are employed.

Graphs showing charge passed as a function of time for the
Cu coating (A) and release (B) in this experiment are shown in
Fig. 4. These plots demonstrate that the charge employed to
coat the electrode via reduction of Cu" (A) is approximately
twice that required to release it (B), consistent with the release
of Cu' into the solution.

In addition to preparing copper acetylides for isolation we
wished to examine the possibility of using the metal-coated
rod to generate copper acetylides in situ which would then
undergo a catalytic reaction requiring only a sub-stoichio-
metric amount of copper. It also occurred to us that if an oxi-
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Fig. 4 Charge passed as a function of time when: (A) coating the
graphite rod from a CuSOaq) solution and (B) for the release of Cu'.
Axes redrawn for clarity.

dising potential of +0.5 V could release Cu' into the solution,
then it should also be possible to recover at least some of the
copper at the end of the reaction by the application of a redu-
cing potential as a method of ‘cleaning up’ the reaction
mixture. In order to test this ‘inverting potential’ approach, we
chose to examine the simple Glaser-Hay'* oxidative dimeriza-
tion of phenylacetylene to see if the copper-coated graphite
could serve as a catalytic Cu' source for this C-C bond forming
reaction. We hoped that the graphite electrode would then
serve as a vehicle for the removal of the copper from the solu-
tion at the end of the reaction by switching to a reducing
potential (—1.0 V). For this reaction we found that dichloro-
methane proved to be a more effective solvent than MeCN in
that the intermediary copper acetylide did not precipitate out
of solution upon formation as it did in MeCN, providing better
yields of the diyne product when exposed to aerial O,. Work is
ongoing to find more sustainable conditions for this reaction.
We found that when 1 mmol phenylacetylene was used with a
Cu-coated graphite electrode (14.14 C passed when coating,
equating to a maximum of 7.33 x 10> moles of Cu’) we had a
maximum catalytic loading of 7.33 mol%. Pleasingly, when we
applied an oxidative potential of +0.5 V to the coated graphite
electrode in this coupling reaction, the corresponding diyne, 2,
was isolated in a good yield of 68%, in spite of a small portion
of the copper acetylide intermediate precipitating out of solu-
tion (Scheme 4). We also found that while the yield of the reac-
tion could be improved by adding a tetramethyl-
ethylenediamine (TMEDA) ligand, interestingly, the TMEDA
proved capable of oxidising the electroplated Cu, without
requiring an applied potential. The ligand-free conditions are
shown in Scheme 4.

Emboldened by this result, we attempted the ambitious
concept of recovering the copper after the reaction had been
completed by switching the polarity of the potential of the
working electrode. Such an approach would represent a major

Cu-coated rod (7 mol%), +0.5 V vs Ag wire

Ph— Ph———=—Ph
DABCO (1.2 equiv), 0.05 M Buy;NPFg/ DCM 2 68%
air, 16 h :
Scheme 4 Electrochemically-controlled ligand-free Glaser—Hay

coupling.
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Fig. 5 Conceptualized approach to Glaser—Hay coupling from a Cu-
coated electrode and recovery of the metal catalyst by switching to a
reducing potential.

advantage in terms of reusing the catalyst and cleaning up the
reaction mixture which are major considerations in sustain-
able chemistry, especially when undertaking large scale reac-
tions where the catalyst is often a precious metal. The
approach is conceptualised in Fig. 5.

Our first attempts at recovering the metal post reaction
proved troublesome, since the amine additives (e.g. TMEDA,
amine bases, etc.) commonly added in such reactions to
enhance their efficiency coordinate the copper and hold it in
the organic solvent making it resistant to reduction at the elec-
trode surface. As stated previously, TMEDA facilitates oxidation
of the coated Cu making the use of an oxidative potential for
release redundant, however, we opted to include the ligand in
these reactions as it lead to a smoother reaction in which none
of the copper acetylide intermediate precipitated out of solu-
tion (thereby maximising the amount of copper accessible for
recovery) and allowed the use of a slightly lower catalyst
loading (6 mol%) than that seen in ligand-free attempts
(Scheme 4). Acidification allowed the copper to be liberated
from the TMEDA, however also reduced the reductive potential
window for recovering the copper. As such, we acidified the
reaction medium with a minimum amount of 2 M HCI and
water to drive all the available copper into the aqueous phase.
The movement of copper ions from the organic to aqueous
phase is clearly observable as displayed in Fig. 6.

Essentially, the TMEDA-coordinated copper is converted to
CuCl, which is much more easily reduced and recovered.
Pleasingly, application of a reducing potential to the solution
then allowed us to re-coat the electrode with copper, again
clearly visible as shown in Scheme 5.

We then undertook experiments to accurately determine
the amount of copper redeposited on the electrode. Using the

o ' - Bl,l, I

Aqueous 5
HClaa) [~ ® Cu

v Organic E Rz
Cu — Reaction |__—
o mixture \_}

Fig. 6 Location of copper species in: (A) organic phase (just after HCl
(ag.) added) and (B) aqueous phase (after 30 min vigorous stirring).
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Cu-coated rod (6 mol%),
+0.5 V (vs Ag wire)

DABCO (1.2 equiv),
0.05 M BuyNPFg/ DCM

TMEDA (1.0 equiv), air, 16 h
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Ph] + [Cu species in the]
2, 70%

reaction mixture

H,0, 2 M HCI (3 drops)
then -1.0 V (vs Ag wire), 30 min

Scheme 5 Glaser—Hay coupling and recovery of copper post reaction.
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Fig. 7 (A) Current and (B) Charge passed as a function of time for

Cu recovery efficiency determination. Axes redrawn for clarity.

charge passed when recovering copper from the HCl,q, solu-
tion proved unreliable as a large component of the charge
must be attributed to the electrolysis of the aqueous solution
itself. Therefore, we transferred the electrode to a fresh solu-
tion of acetonitrile with 0.1 M Bu,NPF, as background electro-
lyte to release the copper into solution as Cu(MeCN),PF, while
monitoring the current and charge passed. As the metallic
copper is exhausted, the current falls to zero and the charge
approaches a maximum as can be seen from the plots of
current (A) and charge (B) vs. time in Fig. 7.

At the point where the current approaches zero (i.e. when
all of the copper metal had been stripped from the graphite
surface) a charge of 2.34 C had passed. This corresponds to
24.26 pmol (1.54 mg of copper) and a corresponding recovery
efficiency of 39%, as the graphite rod was initially coated with
3.95 mg of copper. In light of the difficulty of recovering metal
catalysts from reaction media this is a remarkably good initial
proof of concept. This preliminary study is highly promising,
and we are confident that future refinements of the technology
will only see the efficiency improve.

Conclusions

In conclusion, we have demonstrated how the combination of
simple electrochemical techniques can be employed to
improve the efficiency and sustainability of a copper-mediated
organic reaction. The novel application of a metal-coated
carbon electrode has also enabled us to perform simple calcu-
lations to consider the energy and atom efficiency of the
process. We have also demonstrated that the technique could,
with further refinements, offer opportunities to recover tran-
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sition metals from reaction media. This offers an attractive
and industrially-relevant approach for the future of transition
metal-mediated organic synthesis, in particular where the
metals involved are toxic and/or expensive.
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