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Abstract: The first successful gold(I)-catalyzed re-
action of aryl aldehydes with trimethyl(arylethyn-
yl)silanes to furnish bis-alkynylated derivatives is
reported. Key C—C bond-forming events involved
in the catalytic cycle are analyzed.
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Nowadays gold catalysis offers a valuable tool in
searching for new chemical transformations!") and ap-
proaching a swift increase of molecular complexity
from carbon-carbon unsaturations.” The selective ac-
tivation of an alkyne by a proper carbophilic gold
centre is often at the onset of these reactions.*!

A significant bis-alkynylation reaction of aromatic
aldehydes and alkynylsilanes was recently disclosed.
Cooperation of two metals, a rhenium(I) complex and
gold(I) chloride, is required to provide catalytic
access to the depicted 1,4-diyne scaffolds
(Scheme 1).! The synergic action of the two catalysts
to accomplish the overall bis-alkynylation process is

required. This claim is solidly supported by pertinent
experimental work. Also, concerning the second C—C
bond-forming event, which eventually furnishes the
products through an intermediate propargyl cation,
the central role that the rhenium catalyst plays was
proven,®® and gold chloride was shown to be ineffi-
cient to assist this task.

On the basis of our ongoing research program in
gold catalysis!”! and the acquired experience in iodoni-
um-mediated activation of C—C unsaturations for re-
action discovery,”®! we were intrigued about the possi-
bility of timely developing an entirely gold-based ap-
proach to achieve this demanding aldehyde bi-func-
tionalization process, which ultimately relies on the
catalytic and consecutive creation of two C—C bonds
in one synthetic operation.”” Considering the concep-
tual frame graphically outlined in Scheme 2, we rea-
soned that tuning the nature of the electrophilic
metal would allow execution of this tandem process
on the exclusive basis of gold catalysis.!""

First, as a consequence of the activation of the
alkyne by the carbophilic gold catalyst, and likely as-
sisted by the presence of the added carbonyl group,
the reaction could give rise to the formation of the
corresponding gold acetylide. In turn, this would pro-

Ph
(0]
SiMes N | [ReBr(Cﬂg:(ITHF)Z]Q / /
Z VA
(4 equiv.) (1 equiv.)
Ph

i nn

TV

p-OMe, 50 °C, 24 h, [Re] 2.5 mol%; [Au] 5 mol% (43%)
p-Me, 50 °C, 3 h, [Re] 5 mol%; [Au] 10 mol% (60%)

H, 25 °C, 3 h, [Re] 2.5 mol%; [Au] 5 mol% (80%)

p-Br, 50 °C, 3 h, [Re] 2.5 mol%; [Au] 10 mol% (66%)

(Kuninobu, Takai et al. ref.[))

Scheme 1. Seminal work on the synthesis of diethynylmethane frames by the rhenium/gold-catalyzed direct coupling between

aldehydes and alkynylsilanes.
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Scheme 2. Working hypothesis to obtain 1,4-diynes from al-
dehydes and alkynylsilanes under sole gold(I)-catalysis.

vide an activated form of the carbonyl group as the
result of its interaction with the in situ generated
source of an oxophilic silicon reagent.'!! This set-up
would favour the formation of the first C—C bond,
which affords an O-silylated propargyl alcohol. Next,
the inherent basic character of the ether would facili-
tate its activation, again as a consequence of its com-
petent role to capture an additionally released silicon-
based electrophile. In the end, the eventually resulting
propargyl cation would trap another molecule of the
gold acetylide and deliver the noticed 1,4-diyne scaf-
fold.l'”

We decided to explore the validation of this hy-
pothesis making use of the already well recognized al-
teration in the reactivity trend for gold(I) catalysts as
function of the nature of the ancillary ligand. This
notion provides a key designing feature in attempting
to meet the goal of accessing the target catalytic bis-
alkynylation reaction on the ground of a single gold
catalyst.® In the screening of gold catalysts, the room
temperature reaction of benzaldehyde la with trime-
thyl(phenylethynyl)silane 2a for a period of 90 min
was investigated as model (Scheme 3).

0
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LAUNTf2 \ /
+ Ph—=——5SiMe; ——————>
CICH,CH,CI
1a 2a Ph 3a

(1 equiv., (3.75 equiv.) ligand (L) conversion [%]/yield [%]
0.5 M) L1 (ArO);P 100/64
L2 PhgP 88/58
L3 (JohnPhos) 100/86
L4 (IPr) 92/55
_ t-Bu,
t-Bu £Bus P —\
P
(6}
t-Bu 3
L1

Scheme 3. Gold catalysts for aldehyde bls—alkynylatlon.
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Several ligands were found to be useful to produce
gold(I) complexes that behave as active catalysts for
the target transformation. The best result in the direct
assembly of 3a was accomplished using di-tert-butyl-
(o-biphenyl)-phosphine (JohnPhos) as the ancillary
ligand. Besides, bis(trifluoromethanesulfonyl)imidate
(NTf,) was selected as counteranion, on a routine
basis. Compared with halides, its use avoids the need
for adding silver salts to generate gold catalysts en-
dowed of high electrophilicity, as early documented
by Gagosz."¥ For the reaction of 1a with 2a, heating
allows us to shorten the reaction time. Furthermore,
more demanding substrates required this option to
react efficiently. In this scenario, the gold(I) complex
with JohnPhos (Scheme 3, ligand L3) was found to be
superior to the other ligands tested.!"”!

The scope of the reaction was further investigated
using thermal conditions, in search for both a fast re-
action and wide aldehyde compatibility. After some
initial exploratory studies, it was found that simply
conducting the reaction at 70°C, in 1,2-dichloroethane
as solvent, provides convenient experimental condi-
tions for various aldehydes. The results for the John-
PhosAuNTf,-catalyzed reaction of the trimethylsilyl
derivative of phenylacetylene towards a variety of car-
bonyl derivatives are now summarized and depicted
in Table 1.

The reaction allows us to prepare a representative
set of 3-aryl-substituted 1,4-diynes in fair to good
yield. Interestingly and for the first time, this transfor-
mation is shown to take place under the sole influ-
ence of gold(I) catalysis. Aryl- and naphthyl-substitut-
ed aldehydes (entries4 and 5) react satisfactorily
under these conditions. For the former the substituent
at the 4-position was modified and the process was
found to be compatible with both electron-donating
groups (see, for instance, entries 7 and 9) and elec-
tron-withdrawing groups (entries 1, 6 and 8). The re-
action outcome is also of practical utility for sub-
strates in which the substituent switches from the
para- to the ortho-position (entries2 and 3). Even
a more densely functionalized molecule was efficient-
ly transformed (see entry 10).

Hexanal, a simple aliphatic aldehyde, failed to react
using the same experimental protocol. Nevertheless,
simply changing the solvent, using acetonitrile rather
than 1,2-dicholoroethane, allows the first addition
step to take place (Scheme 4); thus, matching the
early noticed scope for the reaction of aliphatic alde-
hydes catalyzed by the bimetallic system, but relying
only on a proper gold catalyst.!

Next, a microwave-assisted heating protocol was
developed and found to be useful for reducing the re-
action time and the catalyst loading at once. For in-
stance, diyne 3h was prepared from 4-methoxybenzal-
dehyde and phenylacetylene in parallel yield to the
one accomplished under the standard thermal condi-
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Table 1. Gold-catalyzed bis-alkynylation of aryl aldehydes.

X "
JohnPhosAuNTH:
A H 2
o (5 mol%) Il
" _—
CICH,CH,CI
TMS—==—Pph e AT
Ph
2a 3a-m
Entry Product T t Yield
[°C] [min] [%]¥
Ph
1 3b 70 180 72
X
Ph
Br
Ph
2 3¢ 70 30 65
A
Ph
Me
Ph
3 3d 70 30 77
A
Ph
Me
Ph
4 3e 70 15 60

Ph Ph
X F
5 3t 70 30 S8
Ph
6 3g 80 120 53
X
Ph
MeO,C
Ph
7 30 70 30 66
A
Ph
MeO
Ph
8 3i 70 30 77
A
Ph
F
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Table 1. (Continued)

Entry Product T t Yield
[°C] [min] [%]"

Ph
I
9 3j 70 20 77
o
A h
Ph
0
Ph
I
10 o 3k 70 15 73
( X
o o Ph

[l Isolated yield after chromatography.

] Yield measured from the crude reaction by NMR, using
acetanilide as internal standard. Mono-alkynylated 4g
also present in 12% yield.

0,
1) tBu, (5 mol%)
t-Bu~p—AuNTf,

Ph

CH3CN | |

/1|\/\AO 80 °C, 90 min
—+ HCI (1 N) OH
Ph————SiM 2
2a ies ) r.t., 30 min 51 56%

Scheme 4. Catalytic mono alkynylation of hexanal.

Voo Ph S _ Ph
e
Cloo e X
1h 29 JohnPhosAuNTf,
* CICH,CH,CI
Ph—=—=—SiMes 150 °C (MW), 3 min 3h
2a (2.5equiv.) OMe 67%

Scheme 5. 1,4-Diynes: microwave-assisted gold catalysis.

tions developed earlier (Table 1, entry 7), but now
using only 1 mol% of JohnPhosAuNTf,, 3 min reac-
tion time and lower excess of alkyne (Scheme 5).

This protocol was further tested over additional
model compounds. The results are reported in
Table 2.

The catalyst loading was diminished in all cases.
For most of alkynylsilanes the reaction time was re-
duced without much affecting the yield, which even
was slightly improved for some specific products, such
as for 3c. Besides, under these alternative experimen-
tal conditions, silyl-substituted aliphatic terminal al-
kynes (entries 9-11) were found to be useful partners
in processes taking place at 120°C, under microwave
irradiation. Although still in modest yield, and requir-
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Table 2. Microwave-assisted aldehyde bis-alkynylation.

0 R
Ar” H JohnPhosAuNTf, | |
1 (1 mol%)
+ »
. CICH,CH,CI AT
TMS———R 150 °C (MW) R
2 3
Entry Product t [min] Yield [%]®
Ph
1 I 3a (R=H) 35 70
2 3b (R=4-Br) 105 42
3 N 3¢ (R=4-Me) 15 73
4 | A 3d (R=2-Me) 15 74
Y&~ Ph
R
Ph
5 3e 5 50
IS
Ph
Ar
6 Il 3m (Ar=4-Me-CH,) 5 401!
7 3n (Ar=4-Br-C¢H,) 100 370
8 Ph/\ 30 (Ar=4-MeO-CH,) 20 50
Ar
Me
9 3p 154 30
v
Ph \
Me
10 3q 90 31
X
AcO
OAc
OA
1 f ¢ 3r s 25
Ph \\
Si(t-Bu)Meo
12 3s 1 39
Ph %
Si(t-Bu)Me,

[ Isolated yield after chromatography.
bl 57% vyield for 3m using the conditions depicted in Table 1 (70°C, 4h,

5 mol% of

catalyst).

[l 65% yield for 3n under the conditions depicted in Table 1 (4 h at 70°C,
5 mol% of added catalyst).
4 At 120°C (MW), 5 mol% catalyst loading.
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ing further optimization, this finding
expands the scope for the known
metal-catalyzed direct bis-alkynylation
reaction of aldehydes and alkynylsi-
lanes.”'®! Moreover, the reactivity of
a two-ends silicon-caped and chemical-
ly differentiated surrogate for acety-
lene is challenging. Thus, starting from
readily available TMS—C=C—-TBDMS,
the attractive diyne 3s (Table?2,
entry 12) was directly assembled from
benzaldehyde.

This experimental protocol is
robust. Typically, reactions were con-
ducted on a 0.4-mmol scale of alde-
hyde 1. Remarkably, using the proto-
col defined in Scheme 5, 3¢ was pre-
pared after chromatography (silica gel,
hexane-CH,Cl,, 20:1) on a gram scale
(12 g, 65%) from the reaction of lc
(6 mmol) and 2a (2.5 equiv.) catalyzed
by JohnPhosAuNTf, (1 mol%), in 1,2-
dichloroetane (12 mL) heating under
microwave irradiation at 150°C for
15 min.

The content reported in Table 1 and
Table 2 agrees with the assumption
outlined in Scheme 1 and reveals that
gold, in its own right, is a proper metal
to catalyze the desired bis-alkynylation
process, simply on adjusting the elec-
trophilic nature and stability of the in-
tended catalyst. Further experimental
work was conducted to scrutinize this
claim and to offer a rationale for some
of the noticed findings. Relevant data
are given in the following paragraphs.

At the onset, the possibility of alde-
hydes directly reacting with gold ace-
tylides was ruled out on an experimen-
tal basis. A mixture of 1a and the gold
acetylide 6a (1:2.5 molar ratio) was
stirred at room temperature, in 1,2-di-
chloroethane, for one hour and a half
without noticeable change. Subse-
quently, the mixture was heated at
70°C for an identical period of time.
NMR inspection of the crude reaction
shows a lack of C—C bond-forming
processes taking place.

The  proposal formulated in
Scheme 1 invokes the addition of
gold(I) acetylide!"” to the aldehyde ac-
tivated by the in situ generated active
silicon.® Additional support to vali-
date this arrangement comes from the
experiment depicted in Scheme 6.
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Scheme 6. Activating aldehydes towards gold acetylides.

The examples in Scheme 6 endorse the intended
active involvement of a gold acetylide as a reactive in-
termediate. Interestingly, this experimental protocol
stands for the labile heterocyclic indole scaffold.!"!

The activation of alkynylsilanes 2 by gold(I) was
also tested. Exposing 2a to JohnPhosAuNTf, in the
absence of 1 proves that alkyne desilylation smoothly
occurs. In this regard, addition of 2a to a solution of
the above mentioned gold source (2.5x107°M in dry
CDC(l;, at room temperature, 1.0:1.5 molar ratio for
gold and the alkyne, respectively) furnishes the o,m-
digold phenylacetylene adduct 7a.***!

+ tBu
Ph—==—Aul tBu-p
AuL NTf
7a L

Alternatively, a fast formation of 7a was also evi-
dent upon NMR monitoring of the evolution of the

(5 mol%) Ph

OSiMe; +Bu

+BU~P— AUNTT,

= Ph
L |

* Ph
== siMe CICH,CH,CI A
- 8 r.t., 60 min 3a Ph
2a 60%

Scheme 7. Gold(I) catalysis: alkynylation of propargyl silyl
ether.

reaction of JohnPhosAuNTf, (0.05 mmol) with excess
(1 mmol) of 2a, in dry CDCI;. Almost instantaneously,
a representative peak is evident from the *'P NMR
spectrum. This new signal at 6 =62.7 ppm is indicative
of the desilylation**! and accounts well for the forma-
tion of 7a under the reaction conditions.

The capability of JohnPhosAuNTf, to catalytically
promote the second alkynylation step was also docu-
mented (Scheme 7).

This time, 2a was allowed to react with pure 4a in
the presence of the catalyst, at room temperature, to
afford the target bis-alkynylated derivative 3a in 60%
isolated yield. The observed outcome for this reaction
offers clear proof of the competence of the title modi-
fication of gold(I) to effect catalytic access to the
second key C—C bond-forming event.??

Besides, ongoing activity on dinuclear gold o,n-
alkyne complexes and their impact on various pro-
cesses involving dual catalysis® prompted us to
broach the reactivity of 7a in this new synthetic sce-
nario.?” In this regard, reaction of 1h with 2a under
the catalytic influence of the o,m-digold catalyst 7a
(2.5 mol%) was totally inefficient to produce the de-
sired 3h, either at room temperature or heating in
1,2-dichloroetane at 70°C. Remarkably, carrying out
the reaction at 150°C, under microwave irradiation,
affords 3h in 72% isolated yield, in 30 min
(Scheme 8).

Eventually, altogether those experiments nicely
provide compelling evidence that firmly support the
invoked hypothesis behind the aim for this study.!
Overall, and for the first time, gold(I) catalysis has
been found to be efficient to accomplish a direct alde-
hyde bis-alkynylation synthetic operation. The out-
come of the herein reported protocol, based on the
sole use of JohnPhosAuNTT, as catalyst parallels, and
slightly enlarges, the scope noticed for the bimetallic
catalytic systems based on Re(I) and Au(I) used in
the pioneering work by Kuninobu and Takai. Rea-
search is in progress in our laboratory to further in-
vestigate the impact of this transformation. Main ef-
forts will be devoted to unveil new catalytic processes
where the unique combination of gold and silicon
might acts as a trigger as the result of the in situ
switching from carbophilic to oxophilic control.

(2.5 mol%) Bh
/@Ao JohnPhos-Au—==—Ph I
: NTfy
MeO 1h JohnPhosAU
+
. CICH,CH,CI A
Ph—=—=—SiMes 150 °C (MW), 30 min Ph
2a 72% MeO 3h
Scheme 8. o,t-Digold species in the catalytic aldehyde bis-alkynylation reaction.
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Experimental Section

General Procedure

A mixture of aldehyde 1 (1 equiv.),

alkynylsilane 2

(3.75 equiv.) and JohnPhosAuNTf, (5 mol%) was dissolved
in 1,2-dichloroethane (0.5M) and heated at 70°C to afford
bis-alkynylation product 3, which was purified by flash chro-
matography (silica gel, hexane).
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