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Abstract: A silver/gold-catalysed benzannulation reaction is de-
scribed. In the presence of catalytic amounts of gold and/or silver
salts, the reaction of silyl enol ethers onto alkynes occurs under mild
conditions to produce the corresponding polycyclic aromatic sys-
tems (acridine, quinoline or naphthalene cores) in good to high
yields. Among the catalysts investigated, AgOTf has been chosen as
a general catalyst for this reaction which likely proceeds through
silver(I) activation of the alkynyl moiety leading to a subsequent cy-
cloisomerisation reaction.
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Polycyclic aromatic systems (PAS) made of fused aro-
matic rings such as naphthalene, anthracene, acridine and
quinoline are of particular interest due to their physical
and biological properties.1–8

Physical properties are typically illustrated among others1

by superconductivity2 and fluorescence.3 PAS have a
broad range of biological applications from dyes (ethidi-
um bromide)4 to therapeutics as anticancer agents (acri-
dine derivatives,5 carbazoles6), antibiotics (tetracycline or
quinolone derivatives)7 or antimalarial agents (quinoline
or acridine derivatives).8

Benzannulation has gained considerable interest since a
single step is required to create an aromatic moiety.
Benzannulation reactions9 are carried out through Brønst-
ed acid10 or Lewis acid11 catalysis, under anionic12 or rad-
ical conditions,13 with vinyl ketenes,14 transition metals
catalysis (Rh,15,16 Ru,15–17 Pt,15 Pd,15,18 Au,15,19 Co,20 In,21

Ga,22 Cu,23 Ni,16 Ag24), thermal conditions,25 under
pyrrolysis26 or using stoichiometric metallic systems
(Ag,15 Cr,27 W,28 Te,29 Yb,30 Ni31). Among transition met-
als, gold is highly valuable and efficient due to the wide
range of reaction outcomes.32 We thus first turned our at-
tention to gold-catalysed benzannulation reactions in or-
der to access acridine derivatives under smooth
conditions.

Previous work from our group33 reported the synthesis of
acridines in moderate yields via a rhodium(I)-catalysed
benzannulation reaction, inspired by an earlier report from
Dankwardt.15 Best results were obtained in refluxing tol-

uene but the introduction of up to 10 mol% of catalyst un-
der inert atmosphere was mandatory in most cases and
poor to fair yields ranging from 40% to 70% were ob-
tained. These first results led us to envision new catalytic
systems.

We chose quinoline derivative 1 as a model substrate. Ex-
posure to a catalytic amount (5%) of [Rh(CO)2Cl]2 pro-
moted its conversion to 2 in a 56% yield (Table 1, entry
1). Thereafter, we first turned our attention to gold species
such as AuCl3 and AuCl(PPh3).

34 At room temperature
(Table 1 entry 2), gold(III) salt did not give the desired
product, whereas at 50 °C (Table 1, entry 3), a poor but,
nonetheless, encouraging conversion rate of 12% was ob-
tained. With gold(I), no better results were achieved since
no benzannulation took place either at room temperature
or in refluxing 1,2-dichloroethane (Table 1, entry 4). We
then turned our attention to activated gold(I) complexes.35

With AuSbF6(PPh3) [formed in situ from AuCl(PPh3) and
AgSbF6 in equimolar quantities], we obtained the desired
polycyclic system, as a single product and in high conver-

Table 1 Transition-Metal-Catalysed Benzannulation Reactiona

Entry Catalyst Solvent Temp 
(°C)

Conversion 
(%)c

1 [Rh(CO)2Cl]2
b Toluene reflux 56

2 AuCl3 CH2Cl2 r.t. 0d

3 AuCl3 C2H4Cl2 50 12d

4 AuCl(PPh3) C2H4Cl2 reflux 0d

5 AuCl(PPh3)–AgSbF6 C2H4Cl2 50 >95e

6 AgSbF6 C2H4Cl2 50 >95e

7 TFAf C2H4Cl2 50 <5d

a Concentration of the reaction mixture was 0.01 M.
b The amount of the catalyst used was 10 mol%.
c Conversion was determined by 1H NMR.
d Overnight reaction.
e Reaction time: 1 h.
f TFA: trifluoroacetic acid.
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sion rate (>95%, Table 1, entry 5). Interestingly, control
experiments with only the silver species led to the same
results within one hour (Table 1, entry 6). Finally, the ad-
dition of 5 mol% of TFA led to traces of the acridine prod-
uct, ruling out the possibility of a Brönsted acid catalysed
reaction (Table 1, entry 7).

Few investigations concerning the catalytic applications
of silver have been reported in the literature.36,37 We thus
became interested in the behaviour of silver species and
screened different silver-based catalysts on the same mod-
el reaction (Table 2).

As we previously reported,38 we found a good correlation
between the reactivity of silver species and the pKA of
their counteranion since only the silver salts having coun-
teranions with pKA values below zero were efficient cata-
lysts (Table 2). These silver salts are known for forming
p-complexes with alkynes, thus acting as transition metal
catalysts, and they gave here a quantitative conversion of
quinoline 1 to acridine 2.

Other silver species such as Ag2CO3 and Ag2O are mainly
characterised through their oxidising properties of oxy-
genated functions.39 They act as Lewis acids, interacting
with oxygen atoms. Such activation does not allow the cy-
cloisomerisation to occur since the alkynyl group activa-
tion seems mandatory.

Having established a standard reaction protocol, we ex-
amined the current benzannulation reaction with various
combinations of alkynyl substituents and aromatic cycles
(with or without nitrogen). The results are shown in
Table 3 and Table 4.

Good results are obtained with alkyl (Table 3, entries 1, 4,
6–8 and 10), silyl (Table 3, entry 5) and aryl substituents
(Table 3, entries 2, 9 and 11). It is noteworthy that sensi-
tive protecting groups such as acetal remained untouched
under these conditions (Table 3, entry 7). Sterically hin-

dered substituents did not disfavour the course of the re-
action (Table 3, entries 4 and 5). Remarkably, a ferrocenyl

Table 2 Screening of Silver Speciesa

Catalystb Time (h) Conversion (%)c pKA

AgSbF6 1 >95 <0

AgPF6 1 >95 <0

AgOTf 0.5 >95 <0

AgNO3 1.5 >95 <0

AgCO2CF3 0.5 >95 <0

Ag2SO4 overnight NA 2

AgF overnight NA 3.2

AgOAc overnight NA 4.8

Ag2CO3 overnight NA 10.3

Ag2O overnight NA 15.7

a Reaction conditions: catalyst (5 mol%), C2H4Cl2, 50 °C.
b OTf: trifluoromethanesulfonate. OAc: acetate.
c Determined by 1H NMR. NA: Not Applicable. 

Table 3 Silver-Catalysed Synthesis of Substituted Acridines

Entry R1 R2, R3 Yield (%)

1 CH2OMe H, H quant

2 Ph H, H quant

3 Fca H, H 47b

4 t-Bu H, H 95

5 TMS H, H 92

6 cyclopropyl H, H 98

7 CH2OTHP H, H 89

8 CH2N(Me)Bn H, H 97

9 4-py H, H quant

10 Bu OMe, H 95

11 2-MeO2CC6H4 OMe, H 92

a Fc: ferrocenyl.
b The yield was 72% based on the recovered starting material.
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moiety led to the expected product but in a moderate yield
(47%), along with the unreacted starting material (entry
3). Such a result might be explained through a stable com-
plexation of silver to the iron atom of the ferrocenyl
moiety40 and not through a reduction of silver(I).41

Moreover, we found that the benzannulation reaction pro-
ceeded nicely to form naphthalene (Table 4, entry 1) and
quinoline rings (Table 4, entry 2) with high conversion,
attesting that neither the aromatic nitrogen nor the extra
benzene ring interfere in the reaction.

In order to get insights into the reaction mechanism, we
performed the reaction using a D2 labelled silyl enol ether
(1-d2, Scheme 1). Performing this reaction in C2H4Cl2 led
to the formation of a mixture of deuterated and nondeuter-
ated products in a ratio of 40:60, probing the feasibility of
an intra-molecular deuterium 1,3-migration.

Moreover, as shown in Scheme 2, the absence of any deu-
terium insertion in the CH2 group a to the alkynyl moiety
apparently rules out the possibility of an allenyl interme-
diate.

These results led us to envision the following reaction
mechanism (Scheme 3). First, we propose that the reac-
tion begins upon complexation of the alkynyl moiety by
silver(I) species to give the silver-alkynyl complex A
(Scheme 3), which is supported by our previous work re-
lated to the carbophilic properties of these silver species.38

A 6-endo-dig cycloisomerisation would then occur, from
the electron-rich alkene towards the electron-deficient
complexed alkyne, thanks to the electronic assistance of
the silyl enol ether, leading to the zwitterionic intermedi-
ate B (Scheme 3). A proton migration driven by the arom-
atisation of the newly generated ring system would then
lead to the desired product and to the regeneration of the
silver catalyst.

Interestingly, the use of anhydrous 1,2-dichloroethane led
to the exclusive formation of the TBS-protected alcohol
acridine (2, Scheme 4) within 30 minutes, whereas the ad-
dition of traces of water (or the use of technical grade 1,2-
dichloroethane) enabled the complete deprotection of the
alcohol group (3, Scheme 4) in an overnight reaction.42

In conclusion, we have demonstrated that silver salts can
promote catalytically benzannulation reactions.43 The re-
action proceeds under smooth conditions and the choice
of the counteranion is crucial to obtain good to excellent
yield of highly substituted acridine, quinoline, or naphtha-
lene nuclei.
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