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Abstract: A series of easily accessible arene-1,2-
diynes, bearing one aryl substituent on one of the
alkynyl groups, is readily converted to dibenzopen-
talenes in good yields by gold(I) catalysts. The par-
ticipation of gold acetylides could be proven by the
direct conversion to the corresponding gem-diaurat-
ed dibenzopentalenes with a gold catalyst. From an
experiment with a gold acetylide complex and stoi-
chiometric amounts of the gold “catalyst” the corre-
sponding gem-diaurated complex of a dibenzopenta-
lene could be obtained and characterized by X-ray
crystal structure analysis. Labelling studies with
deuterated alkynes show the expected deuteration
of the two remaining positions of the pentalene
core. All this provides evidence for a dual activa-
tion mode of the reaction and gold(I) vinylidene
complexes as intermediates of the catalytic cycle.

Keywords: alkynes; dibenzopentalenes; digold com-
pounds; extended p-systems; gold catalysis; gold vi-
nylidenes; vinylgold intermediates

In the highly active field of homogeneous gold-cata-
lyzed reactions,[1] only recently, have diynes been em-
ployed as starting materials. The general reactivity
pattern of the reactions is based on an initial attack of
an intra- or intermoleculary offered nucleophile onto
one of the triple bonds. The so-formed intermediate
en-yne systems then undergo further transformations
that lead to highly complex molecular structures.[2]

We have just contributed a new hydroarylating aro-
matization of arene-diynes (Scheme 1).[3] This reac-
tion is mechanistically highly interesting as it proves

that the participation of gold acetylides can induce
completely different selectivities in gold-catalyzed re-
actions. It also proves a double activation by the gold
catalyst. By using basic additives or organo-gold com-
pounds, the gold acetylide formation could be en-
forced and instead of the expected a-phenylnaphtha-
lenes a-2, we observed the exclusive formation of iso-
meric b-phenylnaphthalene b-2. The results from that
very complex mechanistic study indicate that so far
only scarcely mentioned gold vinylidene species are
involved in the reaction mechanism.[4]

Here we report another exciting aspect of this com-
pletely new type of gold-catalyzed conversion. When
we investigated arene-diynes possessing one terminal
and one aryl-substituted alkyne, completely different
products were obtained. No incorporation of the aro-

Scheme 1. Selectivity switch in the hydroarylation–aromati-
zation of 1.
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matic solvent into the product was detected. Instead
the second aromatic system serves as nucleophile
which allows the fast synthesis of symmetrical and un-
symmetrical dibenzopentalenes. The starting materials
for our substrates were obtained via an efficient two-
step synthesis from 2-bromobenzaldehydes.[5] Togeth-
er with the new gold-catalyzed protocol this offers an
extremely straightforward access towards this interest-
ing class of molecules which are of interest in the con-
text of materials science (especially for those that are
unsymmetrical).[6]

The results are summarized in Table 1. Simple 1-
ethynyl-2-(phenylethynyl)benzene could be trans-
formed into dibenzopentalene 4a, and only traces of
intermolecular benzene addition products were de-
tected via GC-MS (entry 1). The reason for the only
moderate yield is based on the low solubility of the
resulting product. Thin layer chromatography and in
situ 1H NMR spectroscopy of the reaction indicated
a clean conversion, but a part of the sensitive material
was obviously lost during the purification by column

chromatography. Most fortunately, we were able to
collect crystals that were suitable for an X-ray crystal
structure analysis.[7] Figure 1 shows the solid state
structure which unambiguously confirms the dibenzo-
pentalene architecture. Substitutions at the central ar-

Table 1. Gold-catalyzed dibenzopentalene synthesis.

Entry Substrate Product Yield

1 3a 4a 54%

2 3b 4b 68%

3 3c 4c 62%

4 3d 4d 60%

5 3e 4e 80%

Figure 1. Solid state molecular structure of 4a.
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omatic system of the starting diynes were also tolerat-
ed (entries 2 and 3) and the yields for the unsymmet-
rical dibenzopentalenes 4b and 4c were also accepta-
ble. Next we investigated a differently substituted aro-
matic system at the non-terminal alkyne. While elec-
tron-rich systems delivered selective conversions and
good yields (entries 4 and 5), no conversions were ob-
served for the electron-deficient compounds 3f and 3g
(Figure 2). A first example for a heterocyclic system
could also be obtained (Scheme 2). The thiophene-
substituted alkyne 3h delivered product 4h, but due
to the sensitivity of the product the yield was low.

In addition to systems with mono-cyclic aromatic
nucleophiles, we also tested an anthracene moiety in
the substrate (5, Scheme 3). Now the ortho-positions
at the central ring are blocked, but the peri-positions
can serve as nucleophiles. This conversion was very
slow, which can be explained by the shielded environ-
ment of the non-terminal alkyne. An unselective reac-
tion was observed, the intermolecular benzene addi-
tion pathway was favoured and 24% of b-naphthalene
6 could be separated from several ill-defined by-prod-
ucts. The certain structural assignment of product 6
was possible by an X-ray solid state structure analysis
(Figure 3).[7] In addition to the benzene addition,
minute amounts of another crystalline compound
were also isolated. An X-ray crystal structure analysis

of a single crystal revealed an astonishing dimer of 7
with an interesting helical distortion (Figure 4).[7]

Mechanistically, at this moment it remains unclear
how this product of an oxidative coupling was
formed, but indeed attack of the peri-position of the
anthracene moiety onto the intermediate gold vinyli-
dene must have taken place. Then dimerization of the
resulting gold species and reduction of the gold might
furnish dimer 8.[8]

Next we focussed on mechanistic insights. We pre-
pared mono-acetylide complex 9 and subjected it to
stochiometric amounts of activated catalyst
(Scheme 4). Interestingly, the formation of a gem-di-ACHTUNGTRENNUNGaurated species from the mono-aurated diyne was de-
tected. This gem-diaurated compound 10 precipitated
quickly. During purification by recrystallization from
benzene/DCM, we were able to obtain single crystals
suitable for a X-ray structure analysis.[7] The solid
state structure proves that the two gold atoms are
positioned at the benzylic carbon of the non-aromatic
double bond of the dibenzopentalene system

Figure 2. Non-reacting substrates.

Scheme 2. Reaction of the thiophene-containing substrate
3h.

Scheme 3. Intermolecular benzene addition pathway of 5.

Figure 3. Solid state molecular structure of 6.
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(Figure 5). The gold�gold distance of 274.6 pm is
slightly shorter than in the case of the corresponding
gem-diaurated species derived from the intermolecu-
lar benzene addition reaction (276.1 pm).[3] This
strong aurophilic interaction is well in the range of
other reported diaurated species.[9]

To gain further mechanistic insights, the substrate
3c-d with a deuterated alkyne was transformed to the
corresponding dibenzopentalene (Scheme 5). The

analysis of the NMR spectra showed that part of the
deuterium labelling of the terminal alkyne was trans-
ferred to the product. Remarkably, both of the central
double bonds were partially deuterated. The inverse
experiment with undeuterated 3c in deuterated ben-
zene afforded solely non-deuterated 4c. This means
that the partial loss of deuterium in 4c-d must be de-
rived from traces of water in the solvent, no exchange
processes with the solvent benzene are involved.

The suggested mechanism is depicted in Scheme 6.
The catalytic cycle starts with the formation of gold
acetylide complex 9. For further transformation the
second alkyne must be activated by p-coordination of
a molecule of activated gold catalyst (no reaction
took place when acetylide 9 was heated in benzene
without activated catalyst). This dual s/p-activation
mode initiates the formation of highly reactive gold
vinylidene complex III. Its formation can be ex-
plained by a nucleophilic attack of the b-carbon of
gold acetylide II onto the p-coordinated alkyne in
a 5-endo-dig fashion. Gold vinylidene III is most
probably the same intermediate for the dibenzopenta-
lene reaction as well as for the b-naphthalene path-
way.[3] This is indicated by the competing benzene ad-
dition which was observed with anthracene derivate 5.

Figure 4. Homo-coupled dimer 8 and its solid state molecular structure.

Scheme 4. Synthesis of gem-diaurated compound 10.

Figure 5. Solid state molecular structure of 10.

Scheme 5. Isotopic labelling experiments.
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Furthermore, for some of the reactions, traces of by-
products showing a mass increase of a benzene mole-
cule could be detected via GC/MS. If the reaction
proceeds via the dibenzopentalene pathway, the intra-
moleculary offered nucleophilic aromatic carbon
atom attacks the highly electrophilic sp-carbon centre
of the vinylidene species. After that, one of the two
gold atoms gets proto-demetallated from the proton
that is released during rearomatization. In analogy to
the organo-gold intermediate of the naphthalene re-
action, an equilibrium exists between mono-gold spe-
cies V and gem-diaurated species 10. As gem-diaurat-
ed species 10 binds the active cationic catalyst, the re-
action rates should be strongly dependent on this
equilibrium (apart from the need for the dual activa-
tion, this might be one reason for the need of elevat-
ed reaction temperatures at all). Finally, the last step
consists of a catalyst transfer. The final product is re-
leased and a new molecule of starting material is acti-
vated via s-coordination of a gold atom.[10]

In conclusion, the generation of a reactive gold vi-
nylidene via s/p -dual activation of diyne substrates
offers a complete new reactivity pattern which should
allow a whole series of valuable gold-catalyzed cycli-
zations in the future. If one considers the similarities
between the intramolecular addition of aromatic sub-
stituents that leads to the dibenzopentalene systems
and our recently published formation of b-naphtha-
lenes via the intermolecular pathway; even if the
products are totally different; the elementary reaction
steps (acetylide formation, dual activation of the sub-
strate, gold vinylidene formation, nucleophilic trap-

ping, formation of a gem-diaurated system and cata-
lyst transfer) for both of the systems are closely relat-
ed.

Experimental Section

General Procedure for the Gold Catalyzed
Conversions

One equivalent of the diyne was dissolved in benzene and
the Au catalyst (5 mol%) was added. The reaction mixture
was stirred at 80 8C until complete conversion (monitored
by TLC). The solvent was removed under reduced pressure,
and the crude product was purified by flash column chroma-
tography or recrystallized.

Indeno ACHTUNGTRENNUNG[2,1-a]indene (4a): According to the general proce-
dure IPrAuNTf2 (10.7 mg, 12.4 mmol, 5 mol%) was added to

a solution of 1-ethynyl-2-(phenylethynyl)benzene 3a
(50.0 mg, 247 mmol) in benzene (2 mL) and stirred at 80 8C
for 2 h. The crude product was purified by flash column
chromatography on silica gel (PE) and gave 4a as a red
solid; yield: 27.0 mg (134 mmol, 54%). The 1H NMR data
corresponds to that reported in literature.[9] . 1H NMR
[(CD3)2SO, 300 MHz]: d=6.64 (s, 2 H), 6.87–6.91 (m, 4 H),
6.94–6.98 (m, 2 H), 7.10–7.15 (m, 2 H).

2,3-DimethoxyindenoACHTUNGTRENNUNG[2,1-a]indene (4b): According to the
general procedure IPrAuNTf2 (8.25 mg, 9.53 mmol, 5 mol%)

Scheme 6. Mechanistic rationale.
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was added to a solution of 1-eth ACHTUNGTRENNUNGynyl-4,5-dimethoxy-2-(ethy-
nylphenyl)benzene 3b (44.0 mg, 168 mmol) in benzene
(2 mL) and stirred at 80 8C for 1 hour. The crude product
was purified by flash column chromatography on silica gel
(PE/EA =20:1) and gave 4b as a beige solid; yield: 30.0 mg
(114 mmol, 68%); decomp.: 280 8C; Rf (PE/EA=2:1)= 0.35.
IR (KBr): ñ=2946, 1633, 1481, 1288, 1216, 1102, 1031, 855,
756 cm�1; 1H NMR (CDCl3, 300 MHz): d=3.83 (s, 3 H), 3.84
(s, 3 H), 6.20 (s, 1 H), 6.23 (s, 1 H), 6.48 (s, 1 H), 6.67 (s, 1 H),
6.77–6.81 (m, 3 H), 6.89–6.96 (m, 1 H); 13 C NMR (CDCl3,
75 MHz): d=56.1 (q), 56.2 (q), 107.6 (d), 108.1 (d), 121.5
(d), 122.9 (d), 125.3 (d), 126.1 (d), 127.1 (d), 127.9 (s), 127.9
(d), 135.3 (s), 143.5 (s), 148.3 (s), 148.4 (s), 149.1 (s), 149.9
(s), 150.3 (s); MS (EI+, 70 eV): m/z (%) =263 (21) [M+
H]+, 262 (100) [M]+, 247 (27), 219 (29), 218 (12), 204 (13),
176 (15), 162 (6), 151 (8), 131 (7), 113 (5), 88 (8); HR-MS
(EI+, 70 eV): m/z= 262.0974 [C18H14O2]

+, calcd. for
C18H14O2 (262.30): 262.0994.

Indeno[2’,1’:1,2]indeno ACHTUNGTRENNUNG[5,6-d]ACHTUNGTRENNUNG[1,3]dioxole (4c): According
to the general procedure IPrAuNTf2 (8.79 mg, 10.2 mmol,

5 mol%) was added to a solution of of 5-ethynyl-6-(ethynyl-
phenyl)-1,3-benzodioxole 3c (50.0 mg, 203 mmol) in benzene
(2 mL) and stirred at 80 8C for 1 hour. The crude product
was purified by flash column chromatography on silica gel
(PE/EA =20:1) and gave 4c as a bronze solid; yield:
30.0 mg, (122 mmol, 60%); decomp.: 230 8C; Rf (PE/EA=
10:1)=0.48. IR (KBr): ñ=2960, 2924, 1610, 1494, 1467,
1432, 1363, 1205, 1129, 1043, 934, 861, 748 cm�1; 1H NMR
(C6D6, 300 MHz): d= 5.24 (s, 2 H), 5.66 (d, J=1.7 Hz, 1 H),
5.72 (d, J=1.7 Hz, 1 H), 6.17 (s, 1 H), 6.44 (s, 1 H), 6.52–6.57
(m, 1 H), 6.62–6.69 (m, 2 H), 6.75–6.80 (m, 1 H); MS (EI+,
70 eV): m/z (%)=247 (17) [M+ H]+, 246 (100) [M]+, 190
(5), 189 (12), 188 (18), 187 (20), 162 (5), 151 (8), 123 (8), 113
(5), 94 (6); HR-MS (EI+, 70 eV): m/z= 246.0698
[C17H10O2]

+, calcd. for C17H10O2 (246.26): 246.0681.
Indeno[2’,1’:1,2]indeno ACHTUNGTRENNUNG[5,6-d]ACHTUNGTRENNUNG[1,3]dioxole (4c-d): Accord-

ing to the general procedure IPrAuNTf2 (8.79 mg,

10.2 mmol, 5 mol%) was added to a solution of of 5-ethynyl-
6-(ethynylphenyl)-1,3-benzodioxole 3c-d (50.0 mg, 203 mmol)
in benzene (2 mL) and stirred at 80 8C for 1 hour. The crude
product was purified by flash column chromatography on

silica gel (PE/EA=20:1) and gave 4c-d as a bronze solid;
yield: 30.0 mg (122 mmol, 60%). 1H NMR (C6D6, 300 MHz):
d= 5.23 (s, 2 H), 5.64–5.66 (m, 0.8 H), 5.70–5.73 (m, 0.8 H),
6.17 (s, 1 H), 6.43 (s, 1 H), 6.52–6.56 (m, 1 H), 6.63–6.67 (m,
2 H), 6.75–6.79 (m, 1 H).

2-Butylindeno ACHTUNGTRENNUNG[2,1-a]indene (4d): According to the gener-
al procedure IPrAuCl (6.21 mg, 10.0 mmol, 5 mol%) and

AgPF6 (2.78 mg, 11.0 mmol, 5.5 mol%) were added to a solu-
tion of 1-[(4-butylphenyl)ethynyl]-2-ethynyl-benzene 3d
(50.0 mg, 194 mmol) in benzene (2 mL) and stirred at 50 8C
for 3 h. The product precipitated, was dissolved in hot ben-
zene and filtrated to remove the silver salt. Evaporation of
the solvent gave 4d as a red solid; yield: 40.0 mg (116 mmol,
60%); decomp.: 230 8C; Rf (PE/EA =10:1)= 0.58. IR (KBr):
ñ=2958, 2928, 2856, 1455, 1434, 898, 828, 751, 731, 471 cm�1;
UV-Vis (DCM): lmax (log e)= 279 (4.81), 290 (4.92), 394
(4.01), 419 nm (4.11); 1H NMR (300 MHz, C6D6): d= 0.88 (t,
J=7.3 Hz, 3 H), 1.21–1.36 (m, 2 H), 1.40–1.53 (m, 2 H), 2.33
(t, J=7.3 Hz, 2 H), 5.98 (d, J=1.5 Hz, 1 H), 6.06 (d, J=
1.5 Hz, 1 H), 6.53 (s, 1 H), 6.57 (d, J= 7.5 Hz, 1 H), 6.59–6.53
(m, 1 H), 6.66–6.71 (m, 2 H), 6.84 (d, J=7.5 Hz, 1 H), 6.85–
6.90 (m, 1 H); 13C NMR (75 MHz, C6D6): d=14.1 (q), 22.6
(t), 33.6 (t), 36.0 (t), 122.3 (d), 122.4 (d), 123.3 (d), 124.1 (d),
125.6 (d), 126.5 (d), 127.3 (d), 127.4 (d), 128.6 (d), 133.1 (s),
135.5 (s), 143.6 (s), 149.7 (s), 150.0 (s), 151.1 (s), 151.2 (s);
MS (EI+ , 70 eV): m/z (%)= 259 (17) [M+H]+, 258 (84)
[M]+, 251 (19), 215 (100), 201 (25), 151 (53), 113 (39);
HRMS (EI + , 70 eV): C20H18 (258.36), [C20H18]

+ calc.:
258.1409, found: 258.1405.

2-Methoxyindeno ACHTUNGTRENNUNG[2,1-a]indene (4e): According to the
general procedure IPrAuCl (6.83 mg, 11.0 mmol, 5 mol%)

and AgPF6 (3.03 mg, 12.0 mmol, 5.5 mol%) were added to
a solution of 1-ethynyl-2-[(4-methoxyphenyl)ethynyl]ben-
zene 3e (50.0 mg, 216 mmol) in benzene (2 mL) and stirred
at 80 8C for 2 h. The product precipitated, was washed with
petroleum ether and ethyl acetate and dissolved in tetrahy-
drofuran to remove the silver salt after filtration. Evapora-
tion of the solvent gave 4e as a brown solid: yield: 40.0 mg
(172 mmol, 80%); decomp.: 250 8C; Rf (PE/EA=10:1)=
0.38. IR (KBr): ñ= 2960, 1602, 1586, 1486, 1431, 1289, 1248,
1225, 1183, 1133, 1036, 855, 819, 751, 729 cm�1; UV-Vis
(DCM): lmax (log e)=280 (5.14), 296 (5.22), 393 (3.27),
471 nm (3.23); 1H NMR (300 MHz, C6D6): d=3.26 (s, 3 H),
5.91 (s, 2 H), 6.21 (dd, J=8.1, 2.4 Hz, 1 H), 6.42 (d, J=
2.4 Hz, 1 H), 6.59–6.64 (m, 1 H), 6.65–6.74 (m, 2 H), 6.82 (d,
J=8.1 Hz, 1 H), 6.86–6.91 (m, 1 H); 13C NMR (75 MHz,
C6D6): d=55.0 (q), 108.1 (s), 110.7 (d), 111.8 (d), 122.4 (d),
123.0 (d), 123.1 (d), 124.4 (d), 125.7 (d), 127.0 (d), 128.8 (d),
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135.4 (s), 149.3 (s), 151.2 (s), 152.7 (s), 161.3 (s), one carbon
atom not visible; MS (EI+, 70 eV): m/z (%) =233 (19) [M+

H]+, 232 (100) [M]+, 217 (32), 189 (46), 187 (9); HR-MS
(EI+, 70 eV): m/z=232.0877 [C17H12O]+, calcd. for C17H12O
(232.28): 232.0888.

Thiopheneindeno ACHTUNGTRENNUNG[2,1-a]indene (4h): According to the
general procedure IPrAuCl (7.45 mg, 12.0 mmol, 5 mol%)

and AgPF6 (3.29 mg, 13.0 mmol, 5.5 mol%) were added to
a solution of 2-[(2-ethynylphenyl)ethynyl]thiophene 3h
(50.0 mg, 240 mmol) in benzene (2 mL) and stirred at 80 8C
for 2 h. The crude product was purified by flash column
chromatography on silica gel (PE) and gave 4h as a yellow
solid; yield: (10.4 mg, 50.0 mmol, 20%); decomp.: 230 8C; Rf

(PE/EA =10:1)=0.51. IR (KBr): ñ= 3070, 1715, 1636, 1456,
1254, 831, 759, 748, 690, 649 cm�1; UV-Vis (DCM): lmax (log
e)= 282 (4.44), 289 (4.44), 393 (3.74), 471 nm (3.69);
1H NMR (300 MHz, CDCl3) d=5.98 (d, J=1.8 Hz, 1 H),
6.06 (d, J=1.8 Hz, 1 H), 6.50 (d, J= 4.8 Hz, 1 H), 6.61–6.72
(m, 4 H), 6.91 (d, J=4.8 Hz, 1 H); 13C NMR (75 MHz,
CDCl3): d=121.1 (d), 121.3 (d), 122.1 (d), 123.7 (d), 128.0
(d), 128.6 (d), 128.8 (d), 136.6 (s), 145.0 (s), 150.3 (s), 152.1
(s), 157.0 (s), 2 carbon atoms not visible; MS (EI+, 70 eV):
m/z (%) =209 (17) [M+H]+, 208 (100) [M]+, 164 (8), 163
(16), 151 (8), 113 (7); HR-MS (EI+, 70 eV): m/z=208.0361
[C14H8S]+, calcd. for C14H8S (208.28): 208.0347.
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