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ABSTRACT: The Au'-catalyzed reaction between terminal alkynes and aromatic haloalkynes proceeds through divergent pathways depending on the
nature of the catalyst counteranion. Thus, cationic complexes containing strongly basic NHC ligands and non-coordinating anions such as BAr"4 cata-
lyze the cis haloalkynylation of the terminal alkyne, whereas the introduction of a weakly basic triflate counteranion results in the stereoselective hy-
droalkynylation of the haloalkyne, yielding haloenyne products in good yields and complete trans selectivity. Experimental and computational studies
suggest that the hydroalkynylation reaction takes place via nucleophilic attack of the terminal alkyne to the C2 carbon of the activated haloalkyne,
assisted by a concerted proton abstraction by the triflate, and that the protodeauration is the turnover limiting step, in agreement with an observed

primary kinetic isotope effect.

1. INTRODUCTION

Haloalkynes are recently gaining interest as versatile building blocks
in synthetic organic chemistry.! Traditionally, these reagents have been
used as a source of acetylides via metal-halogen exchange. However,
with the development of transition metal catalysis, the number of trans-
formations in which haloalkynes are used as reaction partners has in-
creased exponentially.> Among them, amino-,** oxy-* and carboalkynyl-
ation® of olefins are useful transformations for the synthesis of a variety
of functionalized alkynes, while the direct C-H alkynylation and inverse
Sonogashira coupling are valuable alternatives for the selective introduc-
tion of alkynyl groups.®

Particular mention is deserved to processes enabled by Au' catalysis.
For instance, challenging catalytic transformations based on the redox

Scheme 1. Au'-catalyzed transformation of haloalkynes.
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Au'/Au™ couple have been recently applied to haloalkynes in the ab-
sence of external oxidants (Scheme 1A).” Much effort has focused also
in transformations in which the halogen atom is retained in the final
product. Thus, the hydrofunctionalization of haloalkynes ® constitutes
an important transformation leading to vinyl halides (Scheme 1B), ver-
satile intermediates in organic synthesis and materials science. In partic-
ular, Au' catalysis has been used to promote selective addition of O-H,’
S-H,'N-H," and X-H" bonds to haloalkynes, but examples of the hy-
drocarbofunctionalization (C-H addition) are rare: there are two recent
reports on the Au-catalyzed hydroarylation of chloroalkynes®'® and a
few reports on intramolecular transformations' but, to the best of our
knowledge, there are no previous reports on the hydroalkynylation of
haloalkynes.
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Recently, Zhang and co-workers reported on the intermolecular
[2+2] cycloaddition between alkenes and chloroalkynes to afford chlo-
rocyclobutenes'® (Scheme 1C). However, we'® and others,'” found later
that subtle differences in the catalyst structure and reaction conditions
allow to perform haloalkynylation reactions with the same alkene sub-
strates (Scheme 1D). In this context, we decided to explore the cross re-
activity of haloalkynes with alkynes. We now report on the discovery of
catalysts-controlled divergent reaction pathways between haloalkynes
and terminal alkynes, resulting in the bromoalkynylation on the terminal
alkynes'®'® or the hydroalkynylation of the haloalkyne (Scheme 1E).
These are challenging transformations considering that homodimeriza-
tion of either chloroacetylenes™ or terminal alkynes®' are potential side
reactions that are kown to be catalyzed by cationic Au' complexes.

2. RESULTS AND DISCUSSION

Reaction Optimization. The reaction of (bromoethynyl)benzene
1a with phenylacetylene 2a was chosen as model for preliminary studies
(Table 1). A first experiment was carried out with S mol% of IPrAuCl
and S mol% of NaBAr"; (sodium tetrakis[3,5-bis(trifluoromethyl)phe-
nyl]borate) in CHCl; at room temperature. Under these conditions, the
cis bromoalkynylation product 3a was exclusively obtained although in
amoderate yield (entry 1). Noteworthy, the nature of the halide scaven-
ger has a marked effect in the selectivity of the reaction. For example, use
of AgSbFs led also to the formation of 3a as the main product, but a mi-
nor amount of isomer 4a, identified as the trans hydroalkynylation prod-
uct of the bromoalkyne 1a, was also observed (entry 2). On the other
hand, the use of AgNTH; also led to a 3a:4a mixture, although the latter
was isolated as the major component (entry 3). Fortunately, the reaction
performed with AgOTfled to the exclusive formation of 4a in an encour-
aging 58% yield (entry 4). No products were observed in control exper-
iments performed with silver salts AgOTf, AgSbFs and AgNTf, con-
firming that silver is catalytically inactive in the reaction. Moreover, the
preformed IPrAuOTHf catalyst provides a similar result as the combina-
tion IPrAuCl/AgOTf (entry 5). Further ligand screening was then per-
formed using triflate as counteranion. Less bulky NHC ligands were un-
productive in this transformation (See Supporting Information for de-
tails): remarkably, even IMesAuCl failed as precatalyst (entry 6), high-
lighting the need of an efficient steric protection for the reaction to take
place. Only extremely bulky representatives such as IPentAuCl or
IPr*°MAuCl led to significant amounts of the product 4a (entries 7 and
8). The best results were observed using SIPrAuCl: under the previous
conditions, 4a was isolated in 72% yield, although yet contaminated
with a minor amount of 3a (entry 9). However, reducing the excess of
the alkyne reagent to 1.5 equiv and increasing the scale to 1 mmol, re-
sulted in an excellent 80% yield of the pure product 4a (entry 10) in only
S h at room temperature. When the same reaction was performed with-
out exclusion of water the yield dropped to 73% (entry 11), suggesting
that hydrolysis of the terminal alkyne (particularly facilitated by the tri-
flate counteranion)? or the bromoalkyne?’ may compete in some extent
under these conditions. Reaction performed with this catalyst in combi-
nation with AgOTs resulted very low yield (entry 12), while the intro-
duction of more basic counteranions, using AgOAc or AgTFA as scav-
engers, totally inhibited the reaction (entries 13, 14). Bulky phosphine
ligands were also tested, but both reactivity and selectivity were disap-
pointing. For example, the reaction performed using JohnPhosAuCl as
the precatalyst led to a mixture 1:2 of 3a:4a in only 18% yield (entry 15)
after 9 days. Finally, the SIPr ligand in combination with NaBAr", af-
forded the bromoalkynylation product 3a in 50% yield (entry 16).

Table 1. Au'-catalyzed reaction of (bromoethynyl)benzene and
phenylacetylene.’

[Au] (5 mol%)
Br~ scavenger (5 mol %)
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Entry [Au] Scaven- Time 3a:d4a Yield

ger (h) (%)
1 IPrAuClI NaBAr", 20 1:0 40
2 IPrAuClI AgSbFs 15 6:1 52
3 IPrAuClI AgNTf2 5 1:3.5 63
4 IPrAuClI AgOTf 5 0:1 58
5 IPrAuOTf - 5 0:1 51
6° IMesAuCl AgOTf 120 - -
7° IPentAuCl AgOTf 5 1:9 62
8¢ IPr*oMeACl AgOTf 24 1:3.8 50
9 SIPrAuClI AgOTf 5 1:14 72
10¢°d SIPrAuClI AgOTf 5) 0:1 80
11cde SIPrAuClI AgOTf 5 0:1 73
12 SIPrAuClI AgOTs 24 0:1 22
13 SIPrAuClI AgOAc 72 - -
14 SIPrAuClI AgTFA 72 - -
15¢ JohnPhosAuCl AgOTf 216 1:2 18
16° SIPrAuClI NaBAr", 5 1:0 50

*Reactions performed at 0.2 mmol scale in dry CHCl; (0.4 mL) at rt;
la:2a in a 1:3 ratio. Controlled by GC-MS. * Combined yields of iso-
lated products. € 1a:2a in a 1:1.5 ratio. ¢ 1 mmol scale. ¢ Reaction per-
formed under aerobic conditions without exclusion of water.

Reaction Scope. With optimal conditions in hand, the reaction could
be extended to a variety of aromatic bromoalkynes 1 and aryl acetylenes
2 with different substitution patterns (Table 2). To our delight, good to
excellent selectivity towards hydroalkynylation products 4 was observed
using both electron-withdrawing or donating groups on the aromatic
ring of aryl acetylenes (compounds 4b-41), on the aromatic ring of the
bromoalkynes (compounds 4m-4v) or both (compound 4w). Substitu-
tions in ortho-, meta- or para- positions were also tolerated, although or-
tho substituents led to lower yields (4i, 4k and 4r). NOE experiments
with compounds 4d, 4g, 4m and 4p demonstrated the formation of
trans-hydroalkynylation products. The hydroalkynylation reaction
could also be achieved using di- or tri-alkynyl-substituted benzenes. For
example, reaction of 1,4-bis(bromoethynyl)benzene 5 using an excess
of phenylacetylene 2a led to the corresponding 1,4-bis[(Z)-1-bromo-4-



Table 2. Au'-catalyzed hydroalkynylation of aromatic bromoalkynes and bromoalkynylation of terminal alkynes.*
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* General reaction conditions for hydroalkynylation: haloalkyne (0.6 mmol), arylacetylene (0.9 mmol), CHCl; (1.2 mL). Isolated yields with > 20:1
ratio of 4:3 are reported, unless otherwise stated (in brackets). General reaction conditions for bromoalkynylation: bromoalkyne 1 (0.2 mmol), aryla-
cetylene 2 (0.3 mmol), dry CHCl; (0.4 mL). Isolated yields. * § (0.6 mmol), 2a (1.8 mmol), CHCL; (1.2 mL), SIPrAuCl (12 mol%), AgOTf (12
mmol%). €7 (0.2 mmol), 1a (1.2 mmol), CHCL; (1.2 mL), SIPrAuCl (15 mol%), AgOTf (15 mol%).

phenylbut-1-en-3-yn-2-yl]benzene 6 in an excellent 71% yield. Slow
diffusion of hexane into a solution of the latter in diethyl ether afforded
crystals suitable for single-crystal X-ray diffraction analysis, which con-
firmed unambiguously the assigned regio and stereoselectivity. The
reaction works also using (bromoethynyl)benzene 1a and 1,3,5-tri-
ethynylbenzene 7 as the arylacetylene substrate, leading to the corre-
sponding tribromide adduct 8 in a satisfactory 58% yield.

Importantly, (chloroethynyl)benzene 9 and (iodoethynyl)benzene
10 are also suitable substrates. Excellent selectivity towards hydroal-
kynylation products 11 and 12 was observed in both cases in their re-
actions with phenylacetylene 1a, although a better yield was obtained
in the reaction performed with iodoalkyne 10 (85% vs 66% yield). Fi-
nally, reactions performed with a selection of aromatic bromoalkynes
1 and aryl acetylenes 2 using SIPrAuCl/NaBAr" as catalytic system
led exclusively to bromoalkynylation products 3 although with only
moderate yields. X-Ray diffraction analysis of 3d unambiguosly con-
firmed the assigned regio and stereoselectivity.

Mechanisms. The critical counteranion effect* in the reactivity
could be explained assuming the reaction mechanisms® depicted in
Scheme 2. Thus, for the strongly acidic SIPrAu*BAr"s~ catalyst, we as-
sume that the reaction proceeds preferentially through attack of the
alkyne to the C2 atom of the activated haloalkyne I1(Z) (mechanism
A). The resulting vinyl cation intermediate I»(Z) is then transformed
into a cyclic, five-membered bromonium intermediate I3(Z) which,
upon 1,2-aryl migration with concomitant ring reopening provides the

Au' complex of the product I«(Z). This mechanism is strongly sup-
ported by *C isotope labelling experiments that were first performed
by Echavarren and co-workers'” in a related context and, very re-
cently, by Haberhauer and co-workers in the chloroalkynylation of in-
ternal alkynes.' In the presence of a more basic counteranion, how-
ever, we hypothesized that deprotonation of the acidic H atom of the
terminal alkyne at some point in the catalytic cycle could play a key
role in the reaction outcome. Thus, the observed regioselectivity
points again to a preferential attack at the C2 carbon of the activated
haloalkyne I (OTf) to generate a strongly electrophilic vinyl cation in-
termediate I.(OTf) that could be then deprotonated to afford the
enyne complex I3(OTf). A final protodeauration step releases the
product via Is(OTf) and regenerates the cationic catalyst (mechanism
B). Alternatively, the enyne complex I3(OTf) could be formed di-
rectly from the activated haloalkyne I (OTf) by concerted C-C bond
forming and C-H cleavage events, thereby avoiding the intermediacy
of high-energy vinyl cation intermediates. The absence of reactivity
with more basic OAc or TFA counteranions could be caused by a un-
favourable SIPrAuZ < SIPrAu(haloalkyne)*Z~ (Z = OAc, TFA) equi-
librium, failing to provide a critical concentration of the activated sub-
strate. The minor amounts of products 3 observed in some cases can
be explained by cyclization of I.(OTf) as in mechanism A or, after al-
ternative attack at the C1 carbon, by formation of the vinyl cation
L(OT()' and subsequent 1,3-bromide shift to yield the product com-
plex L(OTf)".



Scheme 2. Proposed mechanisms for the divergent Au' catalyzed reaction between haloalkynes and terminal alkynes.
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Deuterium labelling and isotope effects. Mechanism A does not in-
volve C-H bond breaking/forming events (not even the protodeaura-
tion commonly intervening in gold-catalyzed transformations) and,
consequently, kinetic isotope effects (KIE) with deuterium-labeled rea-
gents are not likely to be observed. In mechanism B, on the contrary,
valuable information could be obtained from such experiments. In fact,
intermolecular KIE was determined from the absolute rates of two par-
allel reactions of 1a with 2a and monodeuterated 2a-D (Scheme 3). A
primary KIE (ku/kp = 2.4) was measured in the hydroalkynylation reac-
tion using SIPrAuCl/AgOTTf as the catalyst under the optimized condi-
tions. This result excludes C-C bond formation as the turnover-limiting
step in a stepwise mechanism via I.(OTf), which is formed without any
C-H/D bond cleavage or formation. Moreover, the observed zero-or-
der kinetics in both reactions indicate that I;(OTf) must be the resting
state in the catalytic cycle?” and that, therefore, protodeauration is the
turnover limiting step.

Scheme 3. Kinetics and KIE determination for the hydroalkyna-
tion reaction.
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Additional experimental evidences point also to protodeauration as
the turnover limiting step: First, the reaction slows down markedly in
wet solvents, and it is known that water solvation of the acid increases
the barrier of the protodeauration step.?® Second, the reaction is facili-
tated by strong o-donor ligands, which is again a characteristic of reac-
tions featuring protodeauration as the turnover limiting step.*®*

Computational Studies. Theoretical calculations have been carried
out in order to validate the mechanistic hypothesis and rationalize the
experimental observation.’® The calculations were performed at the
MO6/def2tzvpp//B3LYP/6-31G(d,p) (Au,SDD) (IEE-PCM, di-
chloromethane) level of theory, using the Gaussian 16 software. As
model reaction we have chosen the Au'-catalyzed reaction of (bromo-
ethynyl)benzene 1a with phenylacetylene 2a employing SIPr-AuCl as
precatalyst. With a non-basic anion (BAr's), our calculations indicate a
preference for the bromoalkynylation reaction pathway A to render the
observed product 3a. The complete set of intermediates I1(Z) to L«(Z)
and the corresponding transition states were calculated, and the results
are in fair agreement with the experimental results and the calculations
recently published for the chloroalkynylation of internal arylalkynes'
(see Supporting Information for details).

Regarding the hydroalkynylation mechanism B, we started by the
analysis of the equilibrium energies for the ligand exchange (Scheme 4).
In the case of weakly basic triflate, coordination of the bromoalkyne 2a
to form intermediate I(OTf) is exergonic by 18.1 kcal mol™!, while the
same process from catalysts with more basic TFA or OAc anions is en-
dergonic by 22.5 and 29.9 kcal mol™’, respectively.*’ Such a difference
can explain the lack of reactivity in these last cases, but there is an addi-
tional factor to take into consideration: the strength of acetic or tri-
fluoroacetic acid could be not enough to efficiently promote the proto-
deauration.

Scheme 4. Computational analysis of the ligand exchange equi-
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Figure 1. Free energy profiles for the Au'-catalyzed reactions of 1a and 2a using OTf as the counteranion.
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With OTf as the counteranion, a different reaction pathway is pre-
ferred (Figure 1). The activation barrier for the initial C2 addition is
lower (15.7 vs 16.5 kcal mol™ for OTf and BAr"s, respectively) but, in
this case, the H-bonded transition state TS:(OTf) (purple reaction co-
ordinate) spontaneously deprotonates to render the neutral complex
I;(OTf) (+ TfOH) at -32.1 kcal mol™'. Any attempts to locate the hy-
pothetical vinyl cation intermediate [I.(OTf) in Scheme 2] were unsuc-
cessful, supporting preference for the concerted pathway. In agreement
with all experimental evidences, the following protodeauration by triflic
acid appears as the turnover limiting step with an activation energy of
19.5 kcal mol ™ to yield the observed trans hydroalkynylation product 4a
(of bromoethynylbenzene) via intermediate L(OTf). The alternative
Cl1 attack was also calculated (green reaction coordinate). The nucleo-
philic attack has a higher activation energy [TS:1(OTf)' at 22.2 kcal
mol™] and is the turnover limiting step. In this case, a vinyl cation inter-
mediate L(OTf)' is located at G = —4.3 kcal mol ™, yielding the bromo-
alkynylation product 3a after a relatively fast 1,3 bromine shift
[TS2(OTY)' at +7.2 keal mol™'] and ensuing decoordination of the re-
sulting intermediate Is(OTf)". The strong difference in energy between
TS:(OTf) and TS:(OTf)' explains the preferential attack at C2, regu-
larly observed in Au'-catalyzed addition to haloalkynes. In order to bet-
ter understand the origin of this energy difference, a distortion/interac-
tion energy analysis® of the C~C bond forming process was carried out
by separating each transition state into two moieties (fragments A and
B, Scheme S). This analysis shows that fragment B gets only slightly dis-
torted, and in a similar amount in both transition states (1.5 and 1.6 kcal
mol ! respectively). On the contrary, fragment A suffers a larger
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Scheme 5. Analysis of distortion/interaction energies for
TS1(OTf) and TS1(OTf)'.
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deformation, and there is a marked difference between both transition
structures [9.7 vs 15.8 kcal mol ™! for TS1(OTf) and TS1(OTf)’, respec-
tively], as gold has to move from the terminal to the internal C atom of
the triple bond. The stabilizing interaction energy is quite similar in both
cases, slightly better in TS1(OTf) than in TS1(OTf)’, further favoring
the C2 attack.

Together, these calculations support the starting hypothesis, explain-
ing the preference for the C2 attack to the haloalkyne and explaining the
observed counteranion effect. Moreover, the results are in agreement
with the kinetic experiments that support protodeauration as the turno-
ver limiting step.

CONCLUSIONS

In summary, two divergent reaction outcomes for the Au' catalyzed
cross reaction between terminal alkynes and haloalkynes can be



achieved just by modifying the counteranion of the catalytically active
cationic species. While bromoalkynylation of the terminal alkyne is ob-
served when SIPrAuCl/ NaBAr', is used, an unprecedent hydroalkynyl-
ation of bromoalkynes can be selectively performed in high yield with a
SIPrAuCl/AgOTIf catalytic system. The triflate counteranion serves in
this last case a perfect proton shuttle, basic enough to assist a concerted
C-C bond formation with simultaneous deprotonation, but still allow-
ing a favorable exchange equilibrium to the activated haloalkyne. The
computational results are in fair agreement with the observed reactivity
and kinetic isotope effect.
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