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A Au'-catalyzed intramolecular cyclization reaction of 2-alk-
enylphenyl carbonyl compounds to afford a variety of in-
dene, indenol, and indanone ring systems was developed. In
this process, Au' serves to activate the carbonyl group of B-

keto esters, aldehydes, and ketones, preferentially exhibiting
oxophilicity in the presence of C—C multiple bonds. Further-
more, B-keto esters could participate as the electrophilic part-
ner in reactions with carbon nucleophile such as alkenes.

Introduction

Transition-metal-catalyzed carbon—carbon bond formation
reactions between 1,3-dicarbonyl compounds and alk-
enes have been of significant synthetic interest in recent
years.!!! In general, such transformations operate through
the nucleophilic character of the 1,3-dicarbonyl function-
ality, forging a carbon-carbon bond with the alkene com-
ponent through =-philic transition-metal activations
(Scheme 1, path a). Au"™ and Au' are both well documented
soft m-philic Lewis acids that show a high degree of electro-
philicity towards carbon—carbon multiple bonds, generating
an activated species that is susceptible towards nucleophilic
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attack.l'"'®21 Meanwhile, it has also been reported that
Au™! can exhibit oxophilic character towards the carbonyl
group, thereby rendering an electrophilic nature to the latter
functionality.l®! In stark contrast, synthetic applications
that exploits the oxophilicity of Au' remains scarce, espe-
cially in substrates bearing C=C bonds where the latter
functionality is known to be more susceptible towards acti-
vation by Au' catalysts.[®l As a pioneering example, Liu and
co-workers reported a Aul-catalyzed deoxygenative Naza-
rov cyclization of 2,4-dien-1-als in the preparation of cyclo-
pentene derivatives, demonstrating the oxophilicity exhib-
ited by Au' catalysts towards the aldehyde function-
ality.[°r-%¢l Herein, we report an unprecedented Au'-cata-
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Scheme 1. Transition-metal-catalyzed reactions between B-keto carbonyl compounds and olefins.
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lyzed intramolecular cyclization reaction of 2-alkenylphenyl
carbonyl compounds (Scheme 1, path b). In particular, for
the first time, oxophilic activation of alkenyl B-keto esters
has been demonstrated, thereby rendering the latter func-
tionality susceptible to nucleophilic attack by the pendent
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alkenyl moiety. This protocol enabled convenient entry to a
variety of indenes,”) indenols,®! and indanones,™ which are
privileged structural motifs found in a diverse array of com-
pounds possessing important physical and biological prop-
erties.[1%]

Results and Discussion

Prompted by recent reports of Au-catalyzed addition of
1,3-dicarbonyl compounds to alkenes,'*~1¢-2 we initially an-
ticipated a Au-catalyzed intramolecular cyclization of alk-
enyl B-keto esters 1a to afford tetralone A and/or its oxidat-
ively aromatized derivative naphthol B (Table 1).''l Much
to our surprise, treatment of 1a with Ph;PAuCl/AgOTf (1:1,
5 mol-%) in CICH,CH,CI (0.025 m) at 100 °C led to, exclu-
sively, the formation of indene 2a in 70% yield (Table 1,
Entry 1). We speculated this unexpected outcome originates
from initial nucleophilic attack at the ketone moiety by the
stilbene olefin, followed by subsequent dehydration. Ex-
pected products A and B, or C,'™!1l resulting from intramo-
lecular nucleophilic addition of the B-keto ester to the al-
kene functionality through either C or O attack, respec-
tively, could neither be isolated nor detected. Inspired by
this serendipitous discovery, we set out to examine the reac-
tion of 1a in the presence of other Lewis acidic metal salts
(Table 1; for details, see the Supporting Information). Au™™,
Pt'l, Ru™, Ag!, and Cu" triflate salts gave product 2a in
moderate yields, whereas other metal triflates were ineffec-
tive (Table 1, Entries 1-9). Considering the well-known 7-
philic Lewis acidity of Au! that activates the alkene moiety
towards nucleophilic attack by 1,3-dicarbonyls, and recog-
nizing that Au' is more oxophilic than Aul,l!-1>-] our
findings are particularly noteworthy. The combination of
AuCl and AgOTf also promoted the reaction in the absence
of a phosphane ligand, albeit in lower yield (Table 1, En-
try 2). Among a variety of Ag salts examined, AgOTf
proved to be uniquely effective and essential as a cocatalyst
(Table 1, Entries 10-14). On the other hand, a selection of
Lewis and Brensted acids examined did not promote the
reaction at all (Table 1, Entries 20-34).['?] It is noteworthy
that the reaction did not take place in the absence of cat-
ionic Au' catalyst (Table 1, Entry 19). Control experiments
employing protic acid that could conceivably be generated
in situ to thereby catalyze the reaction did not give any
products (Table 1, Entry 31), ruling out the possibility of
protic acid catalysis. CICH,CH,CI proved to be the solvent
of choice (Table 1, Entries 16 and 17), and the reaction yield
showed little dependence on concentration (Table 1, En-
try 15). Finally, reducing either the reaction temperature or
catalyst loading led to a lower yield of 2a (Table 1, En-
tries 16 and 18).

With the optimized reaction conditions in hand, we set
out to explore the substrate scope of this process. As shown
in Table 2, the reaction showed little dependence on the na-
ture of the ester group (Table 2, Entries 1-4), and both aryl
(Table 2, Entries 1-11) and alkyl (Table 2, Entries 13-15)
substituted styrenes were well tolerated. Furthermore, sub-
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Table 1. Catalyst screening for the intramolecular cyclization of 1a.

o o MeO,C
OMe catalyst (5 mol-%) /
/ CICH,CH,CI (0.025 M) O’ Ph
1a Ph 100°C, 12 h 2a
(0] OH
: i jCOzMe ' ‘ :COZMe
OO (not observed)
Ph Ph
A B Ph

Entry Catalyst (mol-%) Yield [%]t@]
1 Ph;PAuCI (5)/AgOTF (5) 70
2 AuCl (5)/AgOTf (5) 50
3 AuCl; (5)/AgOTf (10) 45
4 PtCl, (5)/AgOTf (10) 40
5 RuCl; (5)/AgOTf (10) 45
6 AgOTY (5) 45
7 Cu(OTf), (5) 45
8 In(OTh); (5) 10
9 Sc(OTh); (5) 0
101! PhsPAuCI (5)/AgOTF (5) 70 (66)
110 Ph;PAuCI (5)/AgBF, (5) 0
1210) Ph;PAuCI (5)/AgSbF (5) 0
1300 Ph;PAuCI (5)/AgOTs (5) 0
1410) PhsPAuCI (5)/Ag(0,CCFs) (5) 0
15 Ph;PAuCI (5)/AgOTF (5) 50-60
1614 Ph;PAuCI (5)/AgOTF (5) 40
17t Ph;PAuCl (5)/AgOTf (5) O-trace
18 Ph3;PAuCI (3 or 4)/AgOTf (3 or 4) 45-60
19 PhsPAuCI (5) 0
20 PACL, (5) 0
21 Pd(OAC), (5) 0
2 PACL(MeCN), (5) 0
23 AuCl (5) 0
24 AuCl; (5) 0
25 PtCl, (5) 0
26 RuCl; (5) 0
27 AICI, (5) 0
28 ZnCl (5) 0
29 FeCl, (5) 0
30 BF;-E6,0 (5) 0
31 TTOH(S) trace
32 pTsOH (5) trace
33 AcOH (5) 0
34 CF5CO-H (5) 0

[a] Yield determined by '"H NMR spectroscopy using trichloroeth-
ylene as an internal standard. Value in parentheses indicates iso-
lated yield. [b] For 4 h. [c] In 0.05 or 0.017 m CICH,CH,Cl. [d] At
80 °C. [e] Using THF, DMF, DMSO, MeCN, or toluene as the sol-
vent at 80 °C for 48 h.

strates bearing electron-deficient aryl groups (Table 2, En-
tries 7 and 8) as well as a sterically hindered alkyl group
(Table 2, Entry 14) underwent the cyclization reaction suc-
cessfully, whereas a terminal alkene afforded a much in-
ferior yield of product (Table 2, Entry 16). Interestingly, re-
actions of substrates bearing a 4-methoxyphenyl-substi-
tuted alkene (R* = 4-MeOCg¢H,) afforded the correspond-
ing tetralones 2f" and 21’ in high yields (exist in tautomeric
forms; Table 2, Entries 6 and 12), where the structure of the
3905
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latter compound was unambiguously validated through X-
ray analysis of its O-acetylated derivative (for details, see
the Supporting Information).l'3! The exact reason for the
unexpected formation of tetralones 2f’ and 2I' remains to

be investigated; however, a working hypothesis involving
electrophilic activation of the alkene moiety could be con-
ceived where a species resonance-stabilized by an electron-
releasing OMe group renders the f§ carbon (carbon bonded

Table 2. Au'-catalyzed intramolecular cyclization of alkenyl B-keto esters 1.4

[oJNe} Ph3PAUCI/AgOTf R%0C
Rt&“ﬂﬂﬂj&
CICH,CH,CI 4
= 22 O R
R? R* 100 °C R?
1 2
Entry Substrate Product Yield [%]™ Entry Substrate Product Yield [%]™
0o O MeO,C
/ o o MeO,C,
OMe F /
- GO S o+
Ph 11 o O’ Ph 69
1a 2a Ph
1k
0 o EtO,C, 2k

\
3

/
OEt Ph %0

1b 2b
O O nBuO,C,
OnBu /
3 P OQ Ph 7
Ph
1c 2c
O O cHexCO,
Ph
. CL
1d 2d
o o MeO,C
OMe /
» U O-0O- ¢
1e O 2e
[¢] OH

93

(¢]
i CO,Me
O O (enol/keto, 5:3)
1 OMe oM
(o]

O&Oﬂ e

MeO,C
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Zpn
1i 2i
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F oite  F CO,Me %6
12

O O MeO,C,
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13 . OQ nBu 73
nBu
1m 2m
o O MeO,C
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14 P O’ tBu 62
tBu
1in 2n
O O MeO,C,
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s OO Ol
nHex
10 20
o o 7 CO,Me
OMe
16 > ’ 313D
1p 2p
O O
17 - 2
Z CO,Et
1q
o O
18 - = olel
Ph
1r
o O
19 - 0'°
7 Ph
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[a] Reaction conditions: 1 (1 equiv.), Ph;PAuCI (5 mol-%), and AgOTf (5 mol-%) in CICH,CH,Cl (0.025 m) at 100 °C for 1-6 h, unless
otherwise noted. [b] Isolated yield. [c] Performed with Ph;PAuCl/AgOTf (10 mol-%). [d] Performed with AuCl/P(Cg¢F5);/AgOTf (5 mol-
%) at 70 °C for 10 h. [e] No reaction occurred using either Ph;PAuClI/AgOTf (5 mol-%) at 100 °C or AuCl/P(C¢F5)s/AgOTf (5 mol-%) at
60-80 °C for 9-24 h, and starting materials were recovered in 60-90% yield.
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Table 3. Au'-catalyzed intramolecular cyclization of 2-alkenylbenzaldehydes 3 and 2-alkenylaryl ketones 5 & 7.1

R5
1 % AUCI/P(CgF5)y/AgOTS 1 OH 1 o) 1 )
R ¥ R R R
O, —— " = S = S
R2 gt CICH,CH,CI r2 r2 a2
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[a] Reaction conditions: 3, 5, or 7 (1 equiv.), AuCl (5 mol-%), P(C¢Fs)3 (5 mol-%), and AgOTf (5 mol-%) in CICH,CH,Cl (0.025 m) at
25-100 °C for 0.5-8 h. [b] Isolated yield. [c] Performed with Ph;PAuCl/AgOTf (5 mol-%). [d] No reaction occurred using either Ph;PAuCl/
AgOTf (5 mol-%) at 100 °C for 24 h or AuCl/P(CgF5)s/AgOTf (5 mol-%) at 60 °C for 14 h, and starting materials were recovered in 90—
95% yleld
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to R#) more electrophilic to nucleophilic attack by the prox-
imal 1,3-dicarbonyl. Substituent effects of R! and R? were
also examined, and in general, reaction yields were higher
for substrates bearing electron-neutral or electron-with-
drawing substituents than for substrates bearing electron-
donating substituents (Table 2, Entries 9-11).['Y1 With the
exception of 2p (Table 2, Entry 16), only E isomers were
obtained stereoselectively. The structure of all indene prod-
ucts were supported by 'H NMR and NOESY spec-
troscopy experiments of compound 2a,!'3! and X-ray crys-
tallographic analysis of product 2k.['3] Lastly, this cycliza-
tion reaction failed to take place with B-keto esters bearing
an enoate (R* = CO,Et) or 1,3-diketones (R? = Me, Ph)
(Table 2, Entries 17-19), findings supported by the prefer-
ential Au' activation of the dicarbonyl moiety and propen-
sity of diketones to exist in their less-reactive enol tauto-
meric forms,[') respectively.

Encouraged by the Au'-mediated cyclizations of alkenyl
B-keto esters, we turned our attention to alkenyl benzalde-
hyde and aryl ketone substrates. We speculated a similar
reaction pathway may take place leading to a variety of
indenols and indenes. The results of our findings are shown
in Table 3. Compared to the B-keto ester substrates, simple
monocarbonyl substrates generally required longer reaction
times. To circumvent this decreased reactivity, an electron-
deficient ligand was employed to enhance the electrophilic-
ity of the Au' catalyst.

Much to our delight, although the Ph;PAuCl/AgOTf-me-
diated reaction required a longer reaction time at a higher
temperature (100 °C, 21 h, 72%), the combination of AuCl,
AgOTf, and P(C¢Fs); rapidly converted 3a into 4a at a
lower temperature with an improved chemical yield (60 °C,
4 h, 85%; Table 3, Entry 1). The same catalyst blend also
permitted the reaction to take place at room temperature
with comparable yield, albeit a longer reaction time was
required (25 °C, 24 h, 75%). The efficiency of this transfor-
mation is remarkable, considering that the related Au'-cata-
lyzed reaction of cis-2,4-dien-1-als resulted in a complex re-
action mixture in the absence of the external nucleophile.[°?!
Furthermore, cycloisomerization of cis-2,4-dien-1-als with
other Lewis acids in the absence of a nucleophile only af-
forded cyclopentenones.'”l Under the optimized reaction
conditions, 2-alkenylbenzaldehydes 3 and 2-alkenylaryl
methyl ketones 5 proceeded smoothly to form the corre-
sponding indenols 4 (Table 3, Entries 1-2, 4-9, and 11) and
indenes 6 (Table 3, Entries 12-19), respectively. Aryl butyl
ketone 7 also proved to be an effective substrate for this
transformation (Table 3, Entry 20), whereas diaryl ketone 9
(R? = Ph) was unsuccessful (Table 3, Entry 21). Similar to
the reactions with alkenyl B-keto esters 1 described earlier,
substrates 3 and 5 bearing either aryl- or alkyl-substituted
styrenes (R* = aryl or alkyl) were once again well tolerated.
2-Alkenylbenzaldehydes bearing electron-rich aromatic sub-
stituents (R* = 4-Me-C4H,, 4-MeO-C¢H,) were found to
undergo extensive isomerization of the initially formed in-
denols 4 into indanones 4’, an observation also reported by

other research groups (Table3, Entries2, 3, and
10)'[10d,10f,18]
3908 WWW.EUrjoc.org
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Scheme 2 outlines a plausible mechanism for the cycliza-
tion reaction described herein.['”! Activation of the carbonyl
group through its coordination with the Lewis acidic Au'
center (D) precedes intramolecular nucleophilic attack by
the pendant alkene moiety, thereby generating a newly
formed carbon-carbon bond (E). Subsequent proton trans-
fer regenerates the Au' catalyst and produces indenol prod-
uct 4, which undergoes further dehydration for substrates
where R!' # H. Alternatively, a mechanistic explanation
that invokes a Nazarov-type cyclization of activated species
D could also be conceived.[0P-6¢:17]

AuCI(PPh3) + AgoTf
1
(:C: AU.L ()f}
R'=H 4)
Au'L #Hz0

\

=CO.R' (2),
H (6), nPr (8)

Scheme 2. Proposed mechanism for the Au'-catalyzed intramolecu-

lar cyclization of 2-alkenylphenyl carbonyl compounds.

= CH,CO.R' (1), H (3),
Me (5), nBu (7)

Conclusions

We have developed a Au'-catalyzed intramolecular cycli-
zation reaction of 2-alkenylphenyl carbonyl compounds to
afford a variety of indenes, indenols, and indanones. In this
process, Au' served to activate the carbonyl group of B-keto
esters as well as aldehydes and ketones, preferentially exhib-
iting oxophilicity in the presence of C—C multiple bonds. In
parallel, B-keto esters could participate as the electrophilic
component in reactions with carbon nucleophiles, for exam-
ple, alkenes. On both accounts, the unique reactivities of
both the Au' catalyst and the alkenyl B-keto esters allow
them to partake in a process that is counterintuitive.['*-1¢-2]
Further investigations to broaden the substrate scope and
application of this enabling technology to construct cyclic
motifs through Au' catalysis are currently underway in our
laboratory.

Experimental Section

General Procedure for the Au'-Catalyzed Intramolecular Cyclization
of Alkenyl p-Keto Esters 1: To a solution of 2-alkenyl B-keto esters
1 in CICH,CH,CI (0.025 m) in a pressure tube was added Ph;PAuCl
(5-10 mol-%) and AgOTTf (5-10 mol-%). The resulting mixture was
stirred at 100 °C for the reported time. After the reaction was com-
plete, the reaction mixture was poured into sat. NH,4Cl, and then
the product was extracted with CH,Cl, (3X), dried with MgSO,,
and concentrated in vacuo. The residue was purified by column
chromatography on silica gel to afford corresponding product 2.

General Procedure for the Au'-Catalyzed Intramolecular Cyclization
of 2-Alkenylbenzaldehydes 3 and 2-Alkenylaryl Ketones 5 & 7: To a
solution of 2-alkenylbenzaldehydes 3 or 2-alkenylaryl ketones 5 and
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7 in CICH,CH,CI (0.025 M) in a pressure tube was added AuCl
(5 mol-%), P(C¢Fs); (5 mol-%) (or 5 mol-% PhsPAuCl), and AgOTf
(5 mol-%). The resulting mixture was stirred at the reported tem-
perature for the reported time. After the reaction was complete, the
reaction mixture was poured into sat. NH4CI, and then the product
was extracted with CH,Cl, (3X), dried with MgSQO,, and concen-
trated in vacuo. The residue was purified by column chromatog-
raphy on silica gel to afford corresponding product 4, 6, or 8.

Supporting Information (see footnote on the first page of this arti-
cle): Full experimental details and characterization data.
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