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A novel strategy for the synthesis of multisubstituted
naphthalenes was developed via a Au(I)-catalyzed alkyne
alkoxylation/dienolether aromaticity-driven cascade cycli-
zation using 1,5-enyne substrates. The functional group
toleration was examined by synthesizing a series of substrates
and the mechanism was also studied based on intermediates
isolated through deuterium labeling experiments.

Gold-catalyzed cycloisomerization is one of the most important
strategies for forming functionalized cyclic structures.! Specifically,
cycloisomerization of 1,5-enyne substrates have been extensively
studied and led to the discovery of a variety of scaffolds. Modifying
the 1,5-enyne substrate and nature of Au(I) catalyst have been
demonstrated to provide a variety of cyclic carbon scaffolds.”®
Mechanistic investigations of these cycloisomerizations are varied
with regards to reactive intermediates most notably cyclopropane
and gold carbene intermediates via either 5-exo or 6-endo
manifolds,! which is often determined by the substitutions and
electronic nature of the substrates. However, little has been known
on the factors that affect reaction pathway of 1,5-enyne
cycloisomerizations so far.

During the course of our studies we observed an interesting
cyclization paths of a special 1,5-enyne substrate 1 with an electron-
riched enolether. When the substrate was treated with Au(I) cationic
species in toluene with 2 equivalents methanol as the nucleophile,
activation of the alkyne by Au(I) species promotes an intramolecular
alkene attack via a 5-endo-dig path’ followed by a nucleophilic
addition of methanol to the intermediate oxonium species 2 to form
indene motif 3.> However, if the reaction was conducted in toluene
with more than 10 equivalents methanol or in methanol directly, a
competitive pathway can occur, in which an intermolecular
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Markovnikov alkoxylation of the alkyne’ predominated to provide a
dienolether intermediate 4, which underwent a regioselective 6-
endo-trig cyclization to yield a naphthalene scaffold 5 exclusively
after deauration™'® (Scheme 1). These initial findings suggested that
the ratios of nucleophile methanol changed the reaction path from a
normal intramolecular cyclization into an aromaticity-driven cascade
process. Herein, we describe the Au(l)-catalyzed cascade cyclization
of aryl 1,5-enyne substrates to naphthalene derivatives.
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Scheme 1 Competitive cyclization paths of 1,5-enyne 1

Table 1 shows a systematic optimization of cyclization conditions.
Nonpolar solvents such as toluene and dichloroethane did not
facilitate the cascade sequence and only the intramolecular 5-endo-
dig cyclization product 3 was detected, even in the presence of 2-5
equivalents of methanol'' (entries 1 and 2). High temperatures were
required to promote the cascade cyclization in polar solvents and no
cyclization product was detected at room temperature even after long
times (entries 3 and 4). The influences of counterions in the catalyst
were examined by combining the Ph;PAuCl with several silver salts
and AgOT( provided better yield (entries 5 and 6). Gold ligands
were also screened by mixing [(IPr)AuCl] with silver salts resulting
in the discovery that the combination of [(IPr)AuCl] precatalyst
[TPr=1,3-bis(diisopropyl-phenyl)imidazol-2-ylidene] (5 mol %) and
silver hexafluoroantimonate (5 mol %) was the optimal condition,
providing the product in 77% isolated yield (entries 7 and 10).
Decreasing the catalyst loading to 3 mol % reduced the yield by 10%
(entry 8) while catalyst loadings of 0.5 mol % and 1 mol %, did not
catalyze the cyclization, resulting in only ketone 6 derived from the
corresponding aromatic ketone as the predominant product (entry 9).
The precatalysts alone did not promote the cyclization at all (entries
11 and 12); HAuCl, can catalyze the cascade cyclization with a yield
of 70%, which is less than the optimal conditions (entry 13). AgSbF
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Table 1 Optimization of the cyclization conditions

~ 5 mol % catalyst ‘
& 5 mol % additive
=
OMe MeOH 80 °C,

1 0.5-36 h MeQ 3

Entry Catalyst Additive  t[h] Product Yleld (%)*
1 Ph;PAUNTE, — 36 3 42°
2 Ph;PAUNTE, — 36 3 33¢
3 Ph;PAUNTE, — 36 5 48
4 Ph;PAUNTE, — 05 6 80¢
5 Ph;PAuCI AgSbFs 36 5 39
6 Ph;PAuCI AgOTf 36 5 63
7 [OPr)AuCl]  AgSbFs 36 5 77
8 [(IPr)AuCl]  AgSbFy 36 5 68°
9 [(IPr)AuCl]  AgSbFs 36 6 76
10 [(IPr)AuCl] AgOTf 36 5 54
11 Ph;PAuCI — 36 6 65
12 [(IPHAUC]] — 36 6 90
13 HAuCl, — 36 5 70
14 AgSbFg — 36 5 44
15 TsOH — 36 5 42

“ Average isolated yield of at least two runs; ” Performed in toluene with
2 equivalents MeOH; © Performed in DCE with 2 equivalents MeOH;
¢ Performed at room temperature; ¢ Performed with 2 mol %
[(IPr)AuSbFe]; / Performed with 0.5 mol % or 1 mol % [(IPr)AuSbFj].

itself and weak protic acid p-toluenesulfonic acid were ineffective at
promoting the reaction and resulted in a complex reaction profile
(entries 14 and 15).

Firstly, we prepared various aryl 1,5-enyne substrates la-1k via
Sonogashira coupling and Wittig reaction from commercially
available 2-bromobenzaldehydes with high yields (supplementary
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“ Average isolated yield of at least two runs; ® Performed at 120 °C;
¢ Performed at 150 °C; ¢ Performed at 150 °C and 6¢ was produced.
Scheme 2 Scope of Au(I)-catalyzed cyclization to naphthalenes”
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information). Most of the synthesized substrates gave satisfactory
yields and went to completion in 30-120 h (Scheme 2). The
formation of naphthalenes bearing electron-donating groups on the
aryl ring proceeded in high yields (5a-5d, 5f). Substrates containing
an electron-withdrawing group on the phenyl ring were partially
tolerated, only the chloride substituted substrate providing a clean
naphthalene product while fluoride and nitro substituted substrates
were unreactive under the standard conditions (Se). Phenyl-
substituted alkynes required long reaction times and gave relatively
lower yield of product compared to unsubstituted alkynes (5g-5k).
The reaction solvent was not limited to methanol, with other
nucleophilic alcohols such as ethanol, "butanol and ‘propanol
providing good to satisfactory results (51-5q), Among these solvents
‘propanol was not as efficient presumably due to the steric character
of the secondary alcohol (5r). The metal precipitation at the relative
high temperature will decrease the efficiency of these
transformations (Sp-5s). In addition to primary and secondary
alcohol solvents: ‘butanol, active benzyl and allyl alcohols were
tested and failed to provide the corresponding products (5s).

To probe the mechanism we focused our studies on the isolation
of reaction intermediates. There are several possible intermediates
that may be formed during the course of the reaction including
enolether, dimethyl ketal and ketone, which have been reported
previously. '* We tried to isolate these intermediates by treating
substrate 1¢ with 5 mol % [(IPr)AuSbFg] in MeOH (or CD;0H) at
room temperature for 0.5 h, which resulted in the isolation of the
ketone 6¢c. We also performed the control experiment by using
CD;0D or CH;0D as solvents and the deuterated product 6¢c-D was
obtained.”® In order to examine whether the ketone is the real
intermediate, 6¢ was subjected to different deuterated methanols in
the catalysis of gold(I)-species. However, only a small amount of
naphthalene product could be isolated and most of the starting
a *
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a. The 'H NMR of the reaction of 1¢ in CH;OH (or CD;0H); b. The 'H NMR of the
reaction of 1¢ in CD;0D (or CH30D); ¢. The 'H NMR of the reaction of 1¢ (or 6¢) in
CH;O0H; d. The 'H NMR of the reaction of 1c¢ (or 6¢) in CD;0D; e. The '"H NMR of the
reaction of 1c (or 6¢) in CH;0D; f. The "H NMR of the reaction of 1¢ (or 6¢) in CD;OH.

Scheme 3 Deuterium labeling experiments
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material was transformed to unidentifiable compounds,

which

suggests that the ketone is only the stable product at room
temperature (Scheme 3, a-f), but not an active precursor at high
temperature and the naphthalene product should be formed
preferentially from other intermediates. Similar to the mechanism of
diyne cyclization and the electron-riched feature of the enolether, '
dual activation process is reasonable. Activation of the alkyne
promoted an alkoxylation by the alcohol, the very active enolether
species will cyclize with the other electron-riched enolether activated
by cationic gold species at high temperature. If the hypothesis is
correct, we may detect the corresponding deuterium in the products
by conducting deuterated labeling experiments. Three deuterated
methanols were then tested in the reaction and the deuterium
occurred in the products as expected, which supports our hypothesis
very well. It should be mentioned that the water contained in the
deuterated methaols reduced the yields of these three reactions
compared with that under the standard conditions (Scheme 3, c-f).

mechanisms proposed for related reactions,'*
is outlined in Scheme 4. First,

On the basis of our experimental findings and by analogy with
a plausible mechanism
the reaction is initiated by

electrophilic activation of the alkyne to promote an intermolecular
alkoxylation of the alkyne substrate 1¢ by methanol to form the
dienolether metal species 1c-1. Then the electron-riched enolether
was coordinated with the cationic gold catalyst to induce the second
cyclization with tautomerism of oxonium and elimination of

methanol spontaneously'

to provide the naphthalene 6c¢ after

deauration of the intermediate 1¢-2.

MeQH

MeO /\

. J )
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-MeOH
MeO l l AuL
MeO

1c-2 AUl

Scheme 4 Proposed mechanism of the cascade reaction

In summary, we have developed a novel approach to the

construction of naphthalene derivatives using [(NHC)Aul]-based
catalytic system and cascade cyclization strategy, which provides a
unique example of the nucleophile ratios on changing pathways of
Au(I)-catalyzed cyclization. It allows the preparation of a variety of
substituted naphthalene derivatives from simple aromatic 1,5-enyne
substrates. In addition to the development of novel methodology the
mechanism of this cascade reaction has also been studied based on
intermediates isolated through deuterium labeling experiments.
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