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ABSTRACT: Intramolecular carbonyl allylation of α-prenyl or α-geranyl β-arylketosulfones 5 in the presence of molecule sieves
(MS) affords substituted benzenes 6−7 in moderate to good yields. The facile transformation proceeds by a synthetic sequence
starting with the α-prenylation or α-geranylation of 1 and the Bi(OTf)3-mediated annulation of 5 followed by a sequential
desulfonative aromatization or then an intramolecular Friedel−Crafts alkylation. A plausible mechanism has been studied and
proposed.

Bi(OTf)3 as a Lewis acid has been used in a growing
number of synthetic applications,1 including Mukaiyama-

type reaction,2 hydroamination,3 alkylation,4 benzannulation,5

oxidation,6 and other reactions.7 For catalytic transformations,
the low toxicity of Bi(OTf)3 and its reasonably low cost make
this bismuth salt attractive. However, new Bi(OTf)3-mediated
synthetic conversions that create a new C−C bond represent a
continuing need in the organic field. In continuation of our
investigations on the Bi(OTf)3-mediated conversion of γ-
alkynones 2 (derived from α-propargylation of β-ketosulfones
18) into 2-arylfurans 3,9a the novel one-pot synthesis of
substituted benzenes 6 and tetralins 7 has been studied here via
the process of α-prenylation or α-geranylation of 1 with
bromides 4a or 4b, Bi(OTf)3-mediated intramolecular carbonyl
allylation of 5 in MeNO2, and sequential desulfonative
aromatization or Friedel−Crafts alkylation (see Scheme 1).
Recently, Dunach et al. reported atom-economic synthetic

routes toward tetralins and benzosuberans via the Bi(OTf)3-

catalyzed intramolecular hydroarylation of 1,3-dicarbonyl
synthons with an α-allenyl or α-prenyl motif (see Scheme
2).5 A novel catalytic Bi(OTf)3-mediated annulation route to

substituted benzenes has been developed via metal triflate
mediated reactions.9 Similarly, Narender et al. have also
reported a synthesis of biaryls via the Al(III)-catalyzed domino
reaction of prenylated acetophenone.10 The construction of
substituted benzenes is of great interest because they constitute
useful building blocks in organic and medicinal chemistry.11

However, transition metal-mediated reactions are the most
popular route to such compounds among the existing methods,
especially Suzuki-Miyaura coupling12 or Reppe alkyne cyclo-
trimerization.13

To explore the one-pot transformation from 5 to 6−7, α-
prenylation of 1a (R = Tol, Ar = Ph) with prenyl bromide (4a,
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Scheme 2. Bi(OTf)3-Mediated Hydroarylation by Dunach

Letter

pubs.acs.org/OrgLett

© 2015 American Chemical Society 3142 DOI: 10.1021/acs.orglett.5b01461
Org. Lett. 2015, 17, 3142−3145



Y = Me) was first examined. In the presence of K2CO3, a
reaction of 1a with 4a afforded 5a in a 90% yield in boiling
acetone for 8 h. Furthermore, the use of various metal triflates
was investigated in the presence of MS for the intramolecular
annulation of 5a. Among the screened catalysts, which included
AgOTf, Mg(OTf)2, Ni(OTf)2, Sn(OTf)2, Zn(OTf)2, Fe(OTf)3,
Yb(OTf)3, Sm(OTf)3, Ga(OTf)3, La(OTf)3, Sc(OTf)3, and
Bi(OTf)3, only Bi(OTf)3 provided a 62% yield of m-
phenyltoluene (6a) along with a 15% yield of 8 in MeNO2 at
25 °C for 8 h (see Table 1, entry 1). Under these conditions,

the recovery of 5a only was observed for other metal triflates.
The use of other Bi(III) salts was examined for the synthesis of
6a. When 5a was treated with BiBr3, Bi2O3 or Bi(OAc)3,
recovery of 5a was observed (entries 2−4). In comparison with
these Bi(III) salts, Bi(OTf)3 is a better catalyst for the
generation of 6a. With the use of Bi(OTf)3 as the catalyst,
variation of the equivalents, reaction concentration, solvents
and temperature was next studied. When 5 mol % of Bi(OTf)3
was used (entry 5), the yield and ratio of 6a and 8 were similar
to when 2 mol % was used. After decreasing the reaction
concentration (5 → 10, entry 6), the ratio of 6a to 8 was 2:1.
No obvious changes occurred at elevated temperature (25 →
70, entry 7). Elongating the reaction time (8 → 40, entry 8)
increased the isolated ratio to 6:1. After changing the solvents
(from MeNO2 to (CH2Cl)2, benzene or dioxane), a sluggish
conversion was achieved (entries 9−11). Entry 12 shows that
the addition of molecular sieves increased the yield of 6a. In
contrast, the use of water generated 8 (61%) as the major
product along with 28% of 6a (entry 13). The structure of 8
was determined by single-crystal X-ray crystallography.14

The introduction of water caused a competition between
hydration (for 8 with a cyclohexane-1,3-diol skeleton) and
aromatization (for 6a with a benzene skeleton) during the
Bi(OTf)3-mediated process. Overall, we envisioned that the
system of Bi(OTf)3/MeNO2/MS would provide an optimal
combination for the formation of 6a via C−H cycloallylation of

5a. Among the methods for allylic C−H activation, the SN2′
electrophilic cross-coupling of allylpalladium species with
electron-rich molecules is a major pathway and has been used
for amination, oxidation, and alkylation.15 To the best of our
knowledge, no literature on Bi(III)-mediated intramolecular
allylic C−H cycloannulation of β-ketosulfones with an α-prenyl
or α-geranyl has been reported. With the optimized conditions
(Table 1, entry 12), we further explored the substrate scope of
the reaction, and the results are shown in Table 2.

For the Ar and R groups of 1 (Ar = Ph, 4-FC6H4, 4-
MeOC6H4, 4-MeC6H4, 3-NO2C6H4, 4-NO2C6H4, 4-CF3C6H4,
4-PhC6H4, 2-naphthalene; R = 4-MeC6H4, Ph, Me), the phenyl
ring, with both electron-withdrawing and electron-donating
substituents, was well tolerated, and provided the desired
products 5 and 6−7 in moderate to good yields. When using
1.05 equiv of prenyl bromide (4a) or geranyl bromide (4b),
5a−q were typically obtained in good yields (entries 1−17).
The one-pot intramolecular carbonyl allylation of 5a−q with
the combination of Bi(OTf)3/MeNO2/MS was also examined.
All entries showed that 6a−i and 7a−e were isolated in 76%−
86% and 73%−78% yields when Ar and R were aryl or alkyl
groups. Different substituents did not affect the procedure, and
the isolated yield was maintained. No obvious yield changes
were exhibited for the generation of 6a−i and 7a−e. The
structure of 7d was determined by single-crystal X-ray
crystallography.14

Table 1. Reaction Conditionsa

yield (%)b

entry catalyst (mol %), solvent (mL), temp (°C) 6a/8

1 Bi(OTf)3 (2), MeNO2 (5), 25 62/15
2 BiBr3 (2), MeNO2 (5), 25 −/−c

3 Bi2O3 (2), MeNO2 (5), 25 −/−c

4 Bi(OAc)3 (2), MeNO2 (5), 25 −/−c

5 Bi(OTf)3 (5), MeNO2 (5), 25 60/20
6 Bi(OTf)3 (2), MeNO2 (10), 25 50/28
7 Bi(OTf)3 (2), MeNO2 (5), 70 65/23
8 Bi(OTf)3 (2), MeNO2 (5), 25

d 70/12
9 Bi(OTf)3 (2), (CH2Cl)2 (5), 25 −/−c

10 Bi(OTf)3 (2), benzene (5), 25 −/−c

11 Bi(OTf)3 (2), dioxane (5), 25 −/−c

12 Bi(OTf)3 (2), MeNO2 (5, dry),
e 25 86/−

13 Bi(OTf)3 (2), MeNO2 (5, wet),
f 25 28/61

aThe reactions were run on a 1.0 mmol scale with 5a for 8 h. bIsolated
yields. c5a was recovered. d40 h. eMS (4 Å, 100 mg) was added. fH2O
(0.1 mL) was added.

Table 2. Synthesis of 6 and 7a,b

yield (%)c

entry 1, Ar =, R = ; 4a or 4b 5 6/7

1 1a, Ph, Tol; 4a 5a, 90 6a, 86
2 1b, 4-FC6H4, Tol; 4a 5b, 92 6b, 82
3 1c, 4-MeOC6H4, Tol; 4a 5c, 89 6c, 80
4 1d, 4-MeC6H4, Tol; 4a 5d, 88 6d, 82
5 1e, 3-NO2C6H4, Tol; 4a 5e, 84 6e, 78
6 1f, 4-NO2C6H4, Tol; 4a 5f, 83 6f, 76
7 1g, 4-CF3C6H4, Tol; 4a 5g, 86 6g, 80
8 1h, 4-PhC6H4, Tol; 4a 5h, 86 6h, 85
9 1i, 2-naphthalene,Tol; 4a 5i, 87 6i, 85
10 1j, 4-MeOC6H4, Ph; 4a 5j, 84 6c, 82
11 1k, 4-MeOC6H4, Me; 4a 5k, 89 6c, 82
12 1a, Ph, Tol; 4b 5l, 82 7a, 78
13 1b, 4-FC6H4, Tol; 4b 5m, 86 7b, 73
14 1c, 4-MeOC6H4, Tol; 4b 5n, 87 7c, 75
15 1l, 4-PhC6H4, Me; 4b 5o, 84 7d, 76
16 1i, 2-naphthalene,Tol; 4b 5p, 86 7e, 77
17 1k, 4-MeOC6H4, Me; 4b 5q, 82 7c, 73

aThe reactions were run on a 1.0 mmol scale with 1, K2CO3 (2.9
mmol), 4a−b (1.05 mmol), acetone (10 mL), reflux, 8 h. bThe
reactions were run on a 1.0 mmol scale with 5, Bi(OTf)3 (0.02 mmol),
MS (4 Å, 100 mg), MeNO2 (5 mL), 25 °C, 8 h. cIsolated yield.
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On the basis of the results, a possible reaction mechanism is
shown in Scheme 3. Mechanistically, the sequence initiates with

the formation of tertiary carbocation A by complexation of an
alkenyl motif of 5a with Bi(OTf)3. Participation of a triflate
anion leads to a Hofmann intermediate B with an allylic
bismuth motif via abstraction of a less sterically hindered
proton (E2 elimination). Protonation of B with in situ generated
HOTf gives C1. On the basis of the Felkin-Anh model,16 an
intramolecular nucleophilic addition of C2 by the methylene
group leads to an alternative tertiary alcohol intermediate via a
six-membered ring closure. Following debismuthation by the
triflate anion, D is obtained. After the Bi(OTf)3-mediated
chelation of D (see blue symbols), a regioselective syn-
dehydration (deprotonated Ha, not Hb) of the generated E
forms the diene F via a six-membered chair conformation. The
addition of MS absorbs the resulting H2O. Then, desulfonative
aromatization of F (removal of TolSO2H) yields 6a (Y = Me).
When Y is a prenyl group, tertiary carbocation H can arise via
the Bi(OTf)3-mediated attack in G. Next, an intramolecular
Friedel−Crafts alkylation of H generates I.17 Finally, after
dehydrogenative aromatization of I by the triflate anion, the
resulting HOTf continues the debismuthation from J to 7a. In
contrast (see red symbols), the isolation of 8 demonstrates that
wet MeNO2 promotes the conversion from D to K via
Bi(OTf)3-mediated stereoselective hydration.5b According to
the above experimental conditions and results (Tables 1 and 2),
the intramolecular carbonyl allylation of 1a demonstrates the
proposed mechanism.
When 5r was treated with the combination of Bi(OTf)3/

MeNO2/MS with a 4-nitrophenyl group, a decalin skeleton 9a
and a bridged skeleton 9b were obtained in 68% and 6% yields,
respectively, via the intramolecular Friedel−Crafts C-alkylation

of D and the O-alkylation of K (Scheme 4). Through the
addition of H2O (0.1 mL), the isolated yield of 9b was

increased to 49% under wet conditions. However, attempts to
increase the reaction time (8 → 40 h) failed to afford 7. On the
basis of the isolation of 9a−b, we envision that the present
mechanism is reasonable to demonstrate Bi(OTf)3-mediated
intramolecular carbonyl allylation of 5.
To examine the limitations of this Bi(OTf)3-mediated route

(Scheme 5), 5s−y were investigated. Bicyclic 10a (62%) and

tricyclic 10c (73%) were isolated, but no formation of 10b and
10d with the seven-membered ring was observed. A change of
the substituent from a sulfonyl to an aryl group gave none of
the desired skeleton via the intramolecular carbonyl allylation
of 5w−y. Only Friedel−Crafts cycloadducts 11a−c were
produced in 80%−85% yields. The results are consistent with
the Dunach reports.5 The structures of 9a−b and 11b were
determined by single-crystal X-ray crystallography.14 In
summary, we have developed a Bi(OTf)3/MeNO2/MS-
mediated intramolecular carbonyl allylation of 5 to generate
substituted benzenes 6−7 and 10−11 at 25 °C for 8 h.
Skeleton 5 was also provided in good yields via α-prenylation
and α-genarylation of 1. A plausible mechanism has been
proposed for these cyclization reactions. The structures of the
key products were confirmed by X-ray crystallography. Further
investigations regarding the synthetic application of β-
ketosulfones will be conducted and published.
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