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This isn’t breaking news: copper acetylides, readily available polymeric rock-stable solids, have

been known for more than a century to be unreactive species and piteous nucleophiles. This lack
of reactivity actually makes them ideal alkyne transfer reagents that can be easily activated
under mild oxidizing conditions. When treated with molecular oxygen in the presence of
simple chelating nitrogen ligands such as TMEDA, phenanthroline or imidazole derivatives,
they are smoothly oxidized to highly electrophilic species that formally behave like acetylenic
carbocations and can therefore be used for the mild and practical alkynylation of a wide range
of nitrogen, phosphorus and carbon nucleophiles.

1. Introduction

Organic synthesis is clearly a central science with deep
implications in various domains such as biology, medicine,
energy or material science, just to cite a few. Fuelled by the high
and growing demand for efficient procedures to assemble
complex molecules from simple building blocks, chemical
synthesis has reached an impressive level of complexity, even if
— contrary to what has been said too many times and despite what
one could wish — not all reactions are possible and not all
molecules can be easily made. An ever growing number of
chemical reactions that were impossible to perform decades ago
can now be done with the utmost efficiency and, in some cases,
with an almost surgical efficiency. The renaissance of the
Huisgen’s cycloaddition is certainly one of the most striking
examples of a reaction that recently had an important impact in
other areas of chemistry and research. In addition, the need for
environmentally benign and more sustainable chemical practices
requires new ways of carrying out synthesis, which is also an
important motivation for the design and development of new
processes and the emergence of new synthetic paradigms.
However, a downside inherent to today’s level of sophistication
of chemical synthesis is that many reactions and processes
actually rely on too complex reagents and procedures. This
clearly limits their widespread application, especially when one
just wishes to test a reaction and does not want to spend too much
time on the preparation of a reagent, or even on the reaction
itself, which brings us back to da Vinci’s adage “simplicity is the
ultimate sophistication”.

This is actually a problem we faced couple years ago when
we started our research program on the chemistry of ynamides.*?
We indeed first developed a first generation synthesis of
ynamides 3 based on a copper-catalysed cross-coupling between
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a series of vinyl dibromides 1 and nitrogen nucleophiles 2
(Scheme 1, eq. 1).3* While this procedure was found to be quite
efficient and enabled the preparation of more than hundred
different ynamides to date, one of the problems we met later on
was due to the use of a base, although not a strong one, and heat,
which was not compatible with all the ynamides we wanted to
prepare. If these problems were only seldom met and were
actually more minor limitations of our procedure, its main
drawbacks were found to be both the preparation of the vinyl
dibromides 1 - conveniently prepared on a gram scale using the
Ramirez olefination® or the Lautens modification,® but a bit more
painful to prepare on a 20-50g scale, - and the volatility of
dibromoalkenes substituted with small alkyl chains as well as the
need for strictly controlled conditions (anhydrous solvents and
inert atmosphere).

Cul (12 mol%)
H

Br WG (18 mol%) o WG
/:< * H=N oo R—=—N (1)
1 2 $2L03 2

R Br R 1,4-dioxane or DMF R
1 2 60-70 °C, 24-48 h 3
CuCl,-2H,0
(15 mol%)
/
N,
-
N
(40 mol%)
FVG  4Awms, 0, _ fwe
R'———BF;K + H—N R'——N )
2 c:Hrth|2 2
4 2 3

Scheme 1 First and second generation synthesis of ynamides developed in
the group: a need for alternative and more practical solutions.
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In an attempt to address these shortcomings, we next decided
to switch to oxidative copper-catalysed cross-couplings which,
since they involve a transmetalation/oxidation pathway instead
of the more demanding oxidative addition, can usually be
performed under milder conditions. Screening various reagents
led us to the identification of potassium alkynyltrifluoroborates
4 which were shown to be remarkably efficient alkynylation
agents, providing the desired ynamides 3 under the mildest
conditions reported at this time (room-temperature, base free).”
While this solved the main limitations we had with our first
generation procedure, we quickly realized that the synthesis of
the starting materials was now the problematic step. Indeed, they
need to be prepared from the corresponding terminal alkynes by
a one pot sequence involving deprotonation / borylation /
treatment with toxic and corrosive KHF2 which renders their
synthesis less practical than one could wish and had a disastrous
effect on quite a lot of our glassware.®

The limitations met during the development of these first and
second generation syntheses of ynamides led us to re-evaluate
these procedures and to try to identify reagents that would enable
a long sought-after practical and user-friendly synthesis. With
this goal in mind, we decided that the reagent we would use
should meet the following specifications: it should be readily
available and easy to make, even on a multigram scale, bench-
stable, non-hazardous, non-volatile, non-lachrymatory (which
was suggested by some students who had a bad experience
handling volatile bromoalkynes and some colleagues who had to
suffer from their rather unpleasant smell and side-effects),
unreactive but still easily activated under mild conditions. Quite
a wish list.

After spending some time imagining all kind of more or less
fancy reagents, we eventually realized that the simplest solution
was in fact quite obvious, and even used to be taught on basic
organic chemistry classes: the only reagents that could
potentially meet all these specifications would be copper
acetylides. These compounds, the lazy members of the
organocopper family, were first mentioned in 1870 by Carl
Glaser, who obtained a bright yellow solid upon mixing
phenylacetylene and a solution of copper chloride in ammonia,®
a reaction that would next become the basis for the analytical
detection of terminal alkynes which typically form unreactive
bright yellow precipitates upon reaction with an ammoniacal
solution of copper sulfate. Apart in the Cadiot-Chodkiewicz!® or
the Castro-Stephens?! reactions, which require harsh conditions,
these polymeric compounds have been only scarcely used later
on because of their impressive lack of reactivity. Indeed, they
only react with strong electrophiles and they ‘“are hydrolysed
only by hydrochloric acid at elevated temperature or by an
aqueous solution of alkali metal cyanide”.'? Provided that we
could find a way to activate them under mild conditions and
reverse their polarity to force them to react with nucleophiles,
they could potentially be ideal reagents that could be used for the
development of a practical synthesis of ynamides from readily
available reagents.

In addition to their lack of reactivity that was of great interest
to us, the preparation of these reagents is especially convenient,
unlike other organocopper reagents whose synthesis typically
requires the utmost care. Upon simply adding a terminal alkyne
5 to a solution of cuprous iodide in a mixture of ammonia, water
and ethanol, a yellow precipitate immediately appears, which is
then just collected by filtration, washed and dried to give the
desired copper acetylide 6. Since there is unfortunately no such
thing as an ideal reaction, it ought to be mentioned that in some
rare cases (starting from trimethylsilylacetylene or TBS-
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protected 1-phenylprop-2-yn-1-ol for example), we noted that a
couple of copper acetylides lacked the typical polymeric
structure and the inherent stability. The synthesis is however in
most cases remarkably easy to perform on a multigram scale and
examples collected in Figure 1 are representative of this
procedure.’® These bright yellow polymeric compounds are
perfectly stable, can be stored for years at room temperature
without signs of degradation and, contrary to certain
preconceived ideas, they are neither explosive nor shock
sensitive. It should in addition be mentioned that some of them
are commercially available.®®

Cul
—_— R’l
NH/H,O/EtOH
rt

RI—=
5

Representative examples
on a gram scale

_\;Cu \')%Cu
— 5

(11.2 g scale, 86%)

Ph— HO
——=Cu ———Cu

(7.3 g scale, 84%)

(3.2 g scale, 90%)
TBSO

?\-)S%Cu

(1.9 g scale, 68%)

(1.8 g scale, 75%)

=

(1.4 g scale, 54%)
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Bu0,C———=cCu
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MeO

Cu ———Cu
———Cu

(13.9 g scale, 87%) (16.5 g scale, 98%) (7.2 g scale, 94%)

Cu Br@%Cu Ph@%Cu

(1.3 g scale, 97%) (1.1 g scale, 91%) (4.0 g scale, 83%)
Figure 1 Synthesis of copper acetylides and representative examples
prepared on a gram scale.

T

?

1 —

0

For more complex alkynes which might not appreciate being
soaked in a mixture of ammonia, water and ethanol, the
corresponding copper acetylides can be prepared by an
alternative procedure which consists in the reaction of these
alkynes with finely powdered cuprous iodide in DMF in the
presence of potassium carbonate.’®1® Examples collected in
Figure 2 are representative of this procedure which was shown
to be tolerant to a wide range of functional groups and enabled
the preparation of copper acetylides from more complex and/or
sensitive alkynes.

2. Strategy: oxidative umpolung of copper acetylides

While these alkynylcopper reagents 6 are, although
unreactive, nucleophilic species (Scheme 2, eq. 1), their
reactivity had to be reversed in order to act as electrophilic
alkynylating agents and transfer their alkyne moiety to nitrogen
nucleophiles 2, giving the corresponding ynamides 3. The
strategy we relied on to reverse the polarity of these copper
acetylides was based on their oxidation to copper(l11) acetylides
8,%7 highly electrophilic species that formally behave like
acetylenic carbocations — compounds that can hardly be
generated otherwise — and that could be trapped by nitrogen
nucleophiles 2 and provide, after a reductive elimination step, the
desired ynamides 3 (Scheme 2, eq. 2).

This journal is © The Royal Society of Chemistry 2014
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Figure 2 Synthesis of more complex copper acetylides.
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Scheme 2 Strategy: oxidative umpolung of copper acetylides.

If this strategy might seem naive or even counterintuitive,
notably due to the well-known easy dimerization of
organocopper reagents in the presence of even traces of oxygen,
remarkable reactions have been developed based on the
oxidative chemistry of organocopper reagents, an area of
organometallic chemistry that clearly deserves to be further
explored.'® This oxidative chemistry of organocopper reagents
was first explored systematically by Whitesides who examined
the dimerization of a number of organocuprates (Scheme 3, eq.
1) and the cross-coupling from mixed organocuprates (Scheme
3, eqg. 2).1° Its synthetic potential was demonstrated only more
recently, notably by the Lipshutz,?® Knochel?® and Spring®?
groups for the synthesis of unsymmetrical biaryls, dienes and
aromatic alkynes. A significant conceptual breakthrough was
reported later on by Yamamoto,?® Snieckus,?* Ricci,?® and
Knochel,?®® who described the oxidative coupling of
amidocuprates (Scheme 3, eq. 3) - demonstrating that this
strategy can also be successfully applied to the formation of
carbon-nitrogen bonds - and developed incredibly mild
amination procedures based on such oxidative cross-couplings.

Although the oxidative chemistry of aryl, vinyl,?” alkyl and
even fluorinated organocopper/cuprates had been extensively
studied when we started this project, copper acetylides had been
for some reasons left aside, despite the important potential of
their oxidative umpolung. Motivated by what had been reported
on the oxidative chemistry of organocopper reagents and excited
by what we envisioned from the extension of this chemistry to
alkynylcopper reagents, we therefore decided to embark on the
study of their oxidative umpolung, which will be fully described
in the following sections.

This journal is © The Royal Society of Chemistry 2014
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Scheme 3 Brief overview of the oxidative chemistry of organocopper
reagents.

3. Oxidative alkynylation of nitrogen nucleophiles
with copper acetylides: finally reaching a practical
synthesis of ynamides

Our experience in copper catalysis?® turned out to be quite
useful for the development and optimization of the oxidative
alkynylation of nitrogen nucleophiles with copper acetylides.
Indeed, while no reaction was observed when such a reagent was
reacted with pyrrolidin-2-one, which was chosen as the model
nucleophile for our preliminary studies, in the presence of
oxygen, the role of nitrogen ligands classically used in copper-
catalysed reactions turned out to be critical and TMEDA proved
to be by far the best ligand for this transformation. Upon simply
mixing a copper acetylide 6 and an excess of the nitrogen
nucleophile 2 in acetonitrile, in the presence of TMEDA and
under an atmosphere of oxygen (balloon) at room temperature,
an especially smooth and clean reaction occurs within 24 to 48
hours and the corresponding ynamides 3 can be isolated in good
to excellent yields. Representative examples shown in Figure 3
are illustrative of this procedure which, as we hoped, simply
relies on a mix-and-stir process.*3
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N N N
:: \) \J \) 5 \)\/CI \‘)—
(72%) (43%) (75%) (75%) (71%) (82%)

Figure 3 Facile synthesis of ynamides by oxidative alkynylation of nitrogen nucleophiles with copper acetylides: a mix-and-stir reaction. Standard conditions:
2 mmol 6, 8 mmol 2, 2 mmol TMEDA, 1 atm. O,, 4 mL of CH;CN, rt, 24-48 h.

Besides the operational ease, two notable features of this reaction
are its little sensitivity to solvent effect, the alkynylation being
performed in acetonitrile, dichloromethane, toluene, THF, dioxane,
DMF, ethanol, mixtures of THF and water or even without solvent
with similar efficiency, and its self-indicating nature. Indeed, the
endpoint of the reaction is remarkably easy to detect since it turns
from a yellow heterogeneous mixture to a deep blue homogeneous
solution upon completion (Figure 4): the time has come for a quick
filtration to get the ynamide.

- reaction
initial .
X i mixture
reaction
- upon
mixture .
completion

Figure 4 Self-indicating nature of the oxidative alkynylation.

The optimized conditions for the alkynylation rely on the use of
an excess (4 equivalents) of the nitrogen nucleophile - to minimize,
and even suppress in most cases, the Glaser-Hay dimerization of the
copper acetylides - which might constitute a limitation of this process.
It should be noted however that a 1:1 ratio can also be used: if the
yield is reduced (ca 60-70% of the ynamide isolated) in this case and
the dimerization is more important (ca 10-20% of dimer is observed),
this might however be useful for the alkynylation of complex and/or
precious nitrogen nucleophiles that cannot be used in excess. The
main limitation lies in fact in the nature of the nitrogen nucleophile
itself since the presence of bulky substituents o to the reacting centre
was found to slow down the reaction and acyclic amides such as
N-methyl-acetamide showed no reactivity under the reaction
conditions, which might be attributed to increased steric hindrance,
lower chelating ability or lower acidity.

Motivated by the development of this practical procedure which
can be performed, even on a big scale, with an attractive operational
ease, we decided to investigate the reactivity of other nitrogen
nucleophiles, which could also provide a user-friendly access to other
classes of nitrogen-substituted alkynes that can hardly be obtained
using more classical approaches.

Being involved for quite some years in the chemistry of
ynamides at this time, the choice of the other nitrogen
nucleophiles we could study was quite obvious. The behaviour
of imines in this transformation would be next investigated since
it might offer an easy access to ynimines, provided that the

4 | ChemComm, 2014, 00, 1-10

alkynylation of imines would be faster than their easy
dimerization to azines. Indeed, if the development of practical
methods for the synthesis of ynamides had a quite important
impact on this field which has dramatically blossomed over the
past decade, we felt that the development of other classes of
nitrogen-substituted alkynes would allow to further expand their
chemistry and enable the design of chemical transformations
impossible to develop with more standard ynamides. Ynimines
11, which combine both the reactivity of ynamines and imines
and shared with ynamides an increased stability due to their
geometry that involves a decreased conjugation of the nitrogen
lone pair with the alkyne, possess a remarkable and rare
combination of six consecutive electrophilic, nucleophilic, acidic
and basic sites which makes them unique reagents and building
blocks. Despite their potential, their reactivity had however only
been scarcely studied when we became interested in these
compounds, which is with no possible doubt due to the lack of
general methods available for their synthesis. Their classical
preparation indeed relies on the low-yielding reaction of higher
order alkynylcuprates 9 with oxime tosylates 10 (Scheme 4, eq.
1).2% In an attempt to address these limitation, we first developed
an alternative procedure based on a direct copper-catalysed
oxidative alkynylation of imines 12 with terminal alkynes 5
under Stahl’s conditions (Scheme 4, eq. 2):2¢ if this procedure
indeed provided an improved access to ynimines 11, the need for
a slow addition of the alkyne with a syringe pump rendered this
reaction less practical than we expected on a big scale. In
addition, only diarylimines could be cleanly alkynylated and
arylalkylimines were found to be reluctant reaction partners,
which was a main issue to further develop the chemistry of these
building blocks.

OS0,Ar
N/ R? N
(R1:)—_CuLi + >—R3 1)
3 2 2>—R3 Et,0, 20 °C R2
R
9 10 15-55% n
HeN CuCl, (20 mol%)
pyridine, Na,CO,, 0, R ™—N
=+ g 2O TRT0 32 Y—rs @
> toluene, 70 °C
R R?
5 12 25.73% "
(slow addition by 2 p3 -
syringe pump) R°, R° = aryl groups

Scheme 4 Classical synthesis of ynimines and first generation synthesis
developed in the group.
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We felt that these limitations could be addressed by using
copper acetylides 6 as alkynylating agents: the optimization of
this reaction revealed that it was now best performed with 1,2-
dimethylimidazole (DMI) as the ligand which enabled the direct
alkynylation of imines 12 in acetonitrile at room temperature
over 12 h.130:30 The desired ynimines 11 could be obtained in fair
to good yields and the alkynylation of arylalkylimines that we
could not perform using our first generation synthesis could be,
to our delight, readily achieved using the oxidative alkynylation
with copper acetylides. Representative ynimines that can be
easily prepared using this procedure are shown in Figure 5.

/
N
H—N - RI——N
[ y_ 3 N0 3
Rl'——cCu * R y—R
CH,CN, rt
R? 3N T R2
6 12 11

Representative
examples

NS%N \

(57%) (58%, ZIE: 42/58)

N

(85%, Z/E: 50/50)

-~

=
| BSe

(69%, Z/E: 50/50) (60%, Z/E: 78/22) (52%, Z/E: 40/60)
Figure 5 Click alkynylation of imines with copper acetylides for the
synthesis of ynimines. Standard conditions: 2 mmol 6, 8 mmol 12, 4 mmol
DMI, 1 atm. O,, 8 mL of CH3CN, rt, 12 h.

After spending quite some time studying the oxidative
alkynylation of nitrogen nucleophiles, moving down the periodic
table was quite tempting and, since many phosphorus-containing
molecules are quite good ligands for copper, we felt that their
alkynylation should be feasible and might provide interesting
routes to phosphorus-substituted alkynes. The account of our
journey with copper acetylides will therefore continue with these
nucleophiles and the development of practical procedures for
their alkynylation.

4. Oxidative alkynylation of phosphorus nucleophiles
with copper acetylides: practical entries to
phosphorus-substituted alkynes

Besides the motivation of expanding the scope of our
alkynylation to other classes of nucleophiles, the development of
a general process for the synthesis of phosphorus-substituted
alkynes®! - building blocks that are of great interest in organic
synthesis, catalysis and medicinal chemistry as well - was also
strongly encouraging and alkynylphosphonates 14 were chosen
as our first targets in this series. They are indeed classically
prepared by phosphorylation of lithium or magnesium acetylides
with highly toxic chlorophosphates, a reaction that might seem
to be simple but that is typically low yielding. To address the
limitations associated with this procedure, several metal
catalysed reactions have been developed.®? If they indeed
provide improved routes to alkynylphosphonates, they are

This journal is © The Royal Society of Chemistry 2014

however in most cases far to be as practical as one could wish
and we felt that this gap could be filled by developing a hopefully
facile alkynylation of dialkylphosphites 13 with copper
acetylides 6.

A brief optimization of this reaction did not prove us wrong
and quickly revealed that this oxidative alkynylation was indeed
remarkably facile, actually even more than what we initially
anticipated. Upon simply mixing a dialkylphosphite 13 with a
copper acetylide 6 and N-methyl-imidazole (NMI) in DMF at
room temperature, there is actually even not enough time to go
and get a balloon of oxygen in most cases since leaving the
reaction mixture open to the air with a strong stirring is enough
for the reaction to proceed. Letting the reaction stir at room
temperature a little longer facilitates the purification since the
generated cupric salts chelate most of the excess of the starting
dialkylphosphite, forming complexes that are water soluble and
therefore easily removed during the extraction. Here again, the
reaction is easily performed on a multigram scale by simply
mixing all the reagents and waiting for the reaction to change
colour and turn to a deep blue homogeneous solution. This
reaction is now performed in the organic chemistry teaching lab
at the ULB, which is quite a good test for the robustness of a
process: the students usually like it (easy to perform, no
anhydrous solvents or inert atmosphere, no need for TLCs, no
painful column, no smelly chemicals...) and even the less
talented students or the ones who abhor organic chemistry can
do it, unless the flask ends up in the rotavapor water bath or on
the floor. Selected examples shown in Figure 6 are representative
of the alkynylphosphonates 14 that can be easily prepared by this
oxidative alkynylation of dialkylphosphites.*?

0 )
! 2 N 2Oy 1 ! 2
Rl——cu + H—||3—0R R ||3—0R
DMF, rt
OR? o f OR?
6 13 14
Representative
examples
— <|3| Ph— <|3| HO— |C|>
— FI’—O’Pr — IT—OEt — FI’—O”Bu
O'Pr OEt O"Bu
(86%) (96%) (96%)
o 0 . >—\—ﬁ 0 ;
( T IIDfOPr — llj_oipr =—h—0Pr
O'Pr oPr o'Pr
(85%) (96%) (88%)
o ﬁ ﬁ OMe o
— —Oil — —0i I .
. (}Tﬁ OPr  Ph—=—P—0Fr < § = P—oPr
u i i .
O'Pr O'Pr oPr
(48%) (71%) (93%)

Figure 6 Oxidative alkynylation of dialkylphosphites: a practical entry to
alkynylphosphonates. Standard conditions: 2 mmol 6, 8 mmol 13, 4 mmol
NMI, 1 atm. O, 4 mL of DMF, rt, 1-12 h.

Motivated by these results, we next started thinking at other
phosphorus nucleophiles that could be used. While phosphines
were immediately discarded from these studies due to their easy
oxidation, we felt that phosphine-boranes, protected forms of
phosphines that can be easily deprotected upon reaction with
DABCO, could be interesting surrogates, although their use in
oxidative processes without oxidation was unprecedented.
Provided that secondary phosphine-boranes 15 would be
alkynylated before being oxidized and that an appropriate ligand
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which would not induce their decomplexation could be found,
their oxidative alkynylation might provide the mildest synthesis
of alkynylphosphine-boranes 16 - stable precursors of
alkynylphosphines which hold great potential for the
development of metal-catalysed reactions -3 reported to
date.SSa,SA

The choice of both ligands and solvents that would be
compatible with the sensitivity of phosphine-boranes left little
room for the optimization but gratifyingly, a combination of
1,10-phenanthroline and toluene allowed for a clean alkynylation
and a wide number of alkynylphosphine-boranes 16 (selected
examples shown in Figure 7) could be easily obtained under mild
and practical conditions.3®

BH, 1,10-phenanthroline BH,
| 5 0, 4 | 5
Rle—(cy + H—P—R? — = » R P—R
R3 toluene, rt '|?3
6 15 16
Representative
examples
—\ 'I3H3 'I3H3 Ph 'I3H3
——P—Cy }\‘ ——P—Pr _\TP_CY
| s | |
Cy Me Cy
(51%) (70%) (55%)
OMe
BH § BH
\ ,L 3C BuO FI, 3C ‘|3H3
1 L ) N = pP—cy
Cy 0 Cy l
(65%) (50%) (83%) Y

(72%)
Figure 7 More challenging P-nucleophiles: oxidative alkynylation of
phosphine-boranes. Standard conditions: 0.24 mmol 6, 0.66 mmol 15, 1.2
mmol 1,10-phenanthroline, 1 atm. O, 0.6 mL of toluene, rt, 6-8 h.

(61%)

These alkynylphosphine-boranes could next be transformed
to the corresponding alkynylphosphines and alkynylphosphine
oxides upon treatment with DABCO followed by oxidation in
the latter case. Interestingly, an almost complete retention of
configuration was observed when starting from an
enantiomerically enriched phosphine-borane such as 18 (Scheme
5), which might turn out to be especially useful for the synthesis
of optically enriched alkynylphosphines and might additionally
provide interesting insights into the reaction mechanism of these
oxidative alkynylation which is, we have to admit it, still quite
mysterious to us.

BH, 1,10-phenanthroline BH,
— H—P, i Ph———,
+ —P., —_— —FP,
Ph cu L "Me toluene, rt L "Me
Bu Bu
17 (S)-18 (85% ee) 45% (R)-19 (82% ee)

Scheme 5 Oxidative alkynylation of an optically enriched phosphine-borane
with retention of configuration.

As overviewed in this section, copper acetylides turned out
to be remarkably useful for the alkynylation of phosphorus
nucleophiles under unmatched mild conditions, therefore
enabling the easy preparation of various P-substituted alkynes
with an attractive operational ease. After spending quite some
time evaluating the reactivity of heteronucleophiles in this

6 | ChemComm, 2014, 00, 1-10
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reaction, we recently decided to embark on a more difficult task,
the alkynylation of carbon nucleophiles.

5. First studies of the oxidative alkynylation of
carbon nucleophiles with copper acetylides: a user-
friendly synthesis of trifluoromethylated alkynes

Indeed, while there is a plethora of strategies and methods to
form C(sp)-C(sp), C(sp)-C(sp2), and C(sp)-C(sp3) bonds, efforts
are clearly still required to develop efficient reagents and
procedures to perform transformations that can still be
considered as challenging to date such as, for example, the direct
alkynylation of C-H bonds in arenes or the synthesis of
trifluoromethylated alkynes. We felt that the formal generation
of acetylenic carbocations by oxidation of copper acetylides
might be potentially useful in this area and would also constitute
an interesting opportunity to gain additional insights into the
reactivity of these species.

We therefore first decided to evaluate the possibility of
preparing trifluoromethylated alkynes 21,3637 useful fluorinated
building blocks in organic synthesis and medicinal chemistry,38
by oxidative coupling between copper acetylides 6 and a source
of CFs. The Ruppert-Prakash reagent TMSCF3 20 was chosen
for this reaction and its optimization, where the high volatility of
the trifluoromethylated alkynes 21 formed had to be taken into
consideration, revealed that this transformation was best
performed using TMEDA as the ligand in a mixture of petroleum
ether and DMF.2° Representative trifluoromethylated alkynes 21
that could be prepared using this transformation which, in
comparison with previously reported procedures, does not
require heating, nor a source of fluoride to activate the Ruppert-
Prakash reagent 20 or slow addition of one reagent, are shown in
Figure 8.

TMEDA, O,

R——cuy * TMSCF; —m R'——CF;
- petroleum
6 20 ether/DMF: 21
95/5, rt
Representative
examples

\-)S%CFa \98%05 Ph_\% o

3

(62%) (80%) (85%)
TBSO
CF3
CF,
(50%) (60%) (61%)
CF CF
(79%) (65%) (61%)

Figure 8 Oxidative alkynylation of the Ruppert-Prakash reagent: direct entry
to trifluoromethylated alkynes. Standard conditions: 0.5 mmol 6, 2 mmol 20,
0.5 mmol TMEDA, 1 atm. O, 0.1 mL DMF, 1.9 mL pet. ether, rt, 24 h.

Besides providing a practical entry to trifluoromethylated
alkynes, this oxidative alkynylation of the Ruppert-Prakash
reagent demonstrated the possibility of using copper acetylides
for the alkynylation of carbon nucleophiles, even poor ones. This
opens the way for the alkynylation of other families of carbon
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nucleophiles such as arenes that could potentially be directly
alkynylated without the need for pre-functionalization, a
challenging reaction that holds great potential and is currently
under study in the group.

In addition, this alkynylation is not restricted to the use of
nucleophilic species since we have demonstrated that
organometallic reagents can be used with similar efficiency,
although the homodimerization of the starting copper acetylides
was a bit more problematic in this case. Indeed, the oxidative
alkynylation could be extended to the use of arylboronic acids 22
which could be coupled with various copper acetylides 6. Upon
reaction with molecular oxygen in 1,4-dioxane and in the
presence of 1,10-phenanthroline at room temperature, a smooth
oxidation/transmetalation/reductive elimination occurred
yielding the corresponding aromatic alkynes 23 in fair to good
yields (Figure 9).4

HO\ 1,10-phenanthroline

0,
Rl——cu +  B—Ar »  R—Ar
HO 1,4-dioxane, rt
6 22 23
Representative
examples

(75%) (58%)

(67%) (71%)

Me
(72%)?

(50%)2
Figure 9 Expanding the scope of the oxidative alkynylation with copper
acetylides: facile alkynylation of arylboronic acids (bonds formed shown in
bold). 2 Using a 1:1 mixture of MeOH and 2,6-lutidine instead of 1,4-
dioxane. Standard conditions: 0.5 mmol 6, 1 mmol 22, 0.5 mmol 1,10-
phenanthroline, 1 atm. O, 2 mL of 1,4-dioxane, rt, 48-72 h.

Besides the practical benefits which have already been
mentioned, one of the main advantages associated to these
procedures are the remarkably mild reaction conditions. All
alkynylations are indeed readily performed at room temperature
without the need for a base or other additives typically required
in such processes. A ligand and molecular oxygen are all that are
required for the alkynylation to proceed, which we felt would be
especially interesting for the alkynylation relying on more
complex substrates or acetylides that will be overviewed in the
closing section of this article.

6. Pushing the limits of the oxidative alkynylation:
insights into real life situations

How many times have we all faced the situation in which
trying to apply a procedure that had been reported on tens or
hundreds of examples turned out to be a complete failure? This
usually happens when scaling up the reaction or when switching
to more complex and/or sensitive substrates which are either
poor reaction partners. In the worst case, they cannot even stand
the reaction conditions which typically results in this kind of
TLCs which makes you wonder how on earth it is possible that
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a reaction could give so many different products. Call it
“molecular diversity”... or just a reaction which was not as
robust or whose scope was not as broad as you had wished.

With a set of procedures enabling the alkynylation of various
nucleophiles under mild and practical conditions, we wanted to
address the scope of these reactions in “real life” situations and
try to push them to their limits.

The first point we did carefully and extensively address was
the scale up of the reaction, a key parameter if we wanted to make
sure our oxidative alkynylation could be easily applied on a gram
scale, one of the main goal we had in mind when we started
looking at the development of a practical synthesis of ynamides.
Figure 10 summarizes our efforts in this direction and
demonstrates that various N-, P-, and CFs- substituted alkynes
can be readily and easily prepared on a gram scale by oxidative
alkynylation of the corresponding nucleophiles with copper
acetylides.

L:?J e

(12.4 g scale, 82%)

_hep=b 3

(3.9 g scale, 70%) (1.5 g scale, 75%, Z/E: 40/60)

_\—P —ofPr _\— —0"Bu }‘-)—

P—
N |
O Bu OEt

M >Lo

(1.9 g scale, 92%) (2 0 g scale, 91%)

(1.0 g scale, 61%)

(e}

(16.0 g scale, 22P°/|;) (4.8 g scale, 92%) (2.4 g scale, 96%)
(0] HO (o} (0]
}‘-)5%%—03 _\%II:II’—O"BU Ph%%—o’ﬁ
OEt O"Bu O'Pr
(2.5 g scale, 91%) (1.0 g scale, 96%) (2.6 g scale, 97%)
BH3
Ph—— FI’—Et }‘-)%CFS

1
Et

(0.9 g scale, 68%) (0.7 g scale, 52%)
Figure 10 Gram scale alkynylation.

The mild reaction conditions also enables the preparation of
heterosubstituted/trifluoromethylated alkynes that can hardly be
prepared with other methods due to their sensitivity, such as the
ones collected in Figure 11. The reaction tolerates a wide number
of functional groups, as long as they are not too sensitive to
oxidation (benzylic alcohols and unprotected indoles are
therefore to be avoided, which are the only two cases of
functional groups that we found to be incompatible with the
oxidative  alkynylation). Base- or heat-  sensitive
heterosubstituted alkynes can be readily prepared and
epimerization was demonstrated not to be an issue due to the
mild conditions that are fully compatible with the presence of
epimerisable stereocentres. Due to the stoichiometry of the
alkynylation which is better performed with an excess of the
nucleophile in order to minimize the dimerization of the starting
copper acetylides, it ought to be mentioned that all alkynylations
developed are however better performed with complex copper
acetylides rather than with complex nucleophiles that cannot be
used in excess and therefore give lower — although still
acceptable — yields of the corresponding alkynylated products.
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Figure 11 Oxidative alkynylation with more complex substrates: towards “real life” situations.

Conclusions

In conclusion, we have developed a set of procedures
enabling both the activation and the umpolung of otherwise
unreactive copper acetylides. These bright yellow, rock-solid
polymeric reagents that are easily prepared on a multigram scale
from the corresponding terminal alkynes were shown to be ideal
reagents for the alkynylation of a wide range of nucleophiles
under especially mild conditions. Upon activation with
molecular oxygen in the presence of readily available, simple
and cheap ligands, these copper acetylides readily transfer their
alkyne moiety to give the corresponding alkynylated products at
room temperature and without the need for special precautions.
These self-indicating, mix-and-stir reactions can in addition be
easily performed on a big scale and with complex substrates,
demonstrating the remarkable behaviour and efficiency of
copper acetylides under mild oxidizing conditions. Ynamides,
ynimines, alkynylphosphonates, alkynylphosphine-boranes and
trifluoromethylated alkynes were shown to be easily obtained
using this strategy. Future directions will involve expanding this
reaction to the use of other nucleophiles: O-nucleophiles were
quite tempting since their oxidative alkynylation would provide
an interesting entry to ynol ethers, compounds that are still
challenging to prepare.*! If alcohols and phenols were found to
be poor nucleophiles for this transformation, most certainly due
to their poor ability to chelate copper, the use of the
corresponding alkoxides was found to be a lot more efficient but,
unfortunately, the highly sensitive ynol ethers formed were
readily hydrolysed to the corresponding aliphatic esters which
were isolated at the end of the reaction. With the little success
met for the use of O-nucleophiles, current studies focus on the
use of other C-nucleophiles such as cyanide, whose alkynylation
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would provide an interesting synthesis of cyanoalkynes, and,
probably more importantly, arenes. Preliminary studies have
demonstrated the possibility of using copper acetylides under
oxidative conditions for the direct alkynylation of C-H bonds in
arenes at room temperature and a lot of efforts are currently
underway in the group to develop this synthetically useful
transformation.

Due to the numerous possibilities for postsynthetic
functionalization one can envision using the alkyne introduced
with these reactions, the use of these oxidative alkynylation for
the challenging — but highly motivating — chemoselective and/or
iterative functionalization of multifunctional substrates is also
being investigated. This will also involve a better apprehension
of the reaction mechanism(s) associated to these alkynylations:
definitely not the easiest part of this project...

Of course, one could definitely argue that these reactions are
stoichiometric in copper and that they are totally at the opposite
direction of the “environmentally benign” or “green” reactions
one should focus on instead of wasting such amounts of copper.
It would indeed be hard to argue that quite some copper is lost in
the process and that the “atom economy” is not ideal, even if the
copper salts can be recycled afterwards. Does that make them
“environmentally messy” reactions that should be discarded that
easily? This is a fair criticism that we’ve had to face many times
and that prompted us to briefly have a look at the “greenness” of
these oxidative alkynylations. The outcome was quite surprising
since it was found to strongly depend on the green reaction
metrics considered. Indeed, the comparison of our three
generation syntheses of ynamides based on the use of 1,1-
dibromoalkenes (catalytic in copper), potassium
alkynyltrifluoroborates (also catalytic in copper), and copper
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acetylides (obviously not) is quite illustrative: the ones that have
“reasonable” reaction mass efficiencies and/or E factors have
horrible scores on the EcoScale and vice versa. But after all, isn’t
it the efficiency and practicability that matter as long as no
especially nasty or polluting reagents are involved?...

The experience we’ve had with many different processes and
reagents for the synthesis of hetero-substituted alkynes and the
search for practical reactions led us to the development of the
oxidative chemistry of copper acetylides. Their efficiency
immediately struck us and the operational use we insisted on in
this manuscript was the greatest motivation for these studies: all
one has to do is to mix one of these reagents and a nucleophile
in the presence of the appropriate ligand and oxygen at room
temperature. The reaction changes colour and that’s it. The main
issue that one might have is actually when comes the time to
wash the fritted funnel that was used during the synthesis of the
copper acetylide: this is when you realize how unreactive such
compounds are otherwise...
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