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a b s t r a c t

Treatment of alkynals with 2-substituted allylsilanes and PPh3AuCl/AgOTf (5/3 mol%) catalyst led to for-
mation of 1,3-disubstituted benzenes efficiently. This reaction sequence comprises an initial allylation of
aldehyde, followed by cycloisomerization of enynes; PPh3AuOTf is active in both steps.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Tandem reactions have been the subject of intensive investiga-
tions in organic synthesis [1]. The high efficiency and brief proce-
dures are the beneficial features of such reactions. With a single
workup, one can deliver a complicate molecule that would other-
wise have to be prepared over the course of several individual
steps. Transition-metal catalyzed cyclizations of enynes [2–6] have
emerged as powerful tools for the synthesis of carbocyclic com-
pounds, and Pt(II) and Au(I) catalysts are commonly used as the
catalysts because of their superior chemoselectivities and activi-
ties. Barriault has reported the gold catalyzed benzannulation of
3-hydroxy-1.5-enynes for the synthesis of tetrahydronaphthalenes
[7,8]. Scheme 1 shows an elegant example, reported by Fürstner
and coworkers [5e] for the synthesis of bicyclo[3.1.0]hexanones
via PtCl2 catalyzed cycloisomerization of 5-en-1-yn-3-ols, which
were prepared by Grignard reagents. As Ag(I) and Pt(II) catalysts
were also active in catalytic addition of allylsilanes to carbonyl
compounds [9], we sought to accomplish one-pot synthesis of such
ketones using suitable Ag(I), Pt(II) and Au(I) catalysts. Neverthe-
less, the outcome of our new attempts is the efficient production
of 1,3-disubstituted benzenes using a mixture of PPh3AuCl(5%)
and AgOTf (3%).
All rights reserved.
2. Results and discussion

As shown in Table 1, we examined the cyclization of alkynal 1
and allylsilanes (2a–b) over various Ag(I), Pt(II) and Au(I) catalysts,
each at 5 mol% except for entries 6–7. Treatment of alkynal 1 with
allylsilane 2a and AuClPPh3/AgSbF6 led to a messy mixture of prod-
ucts (Table 1, entry 1). AuCl, AuClPPh3 and AuCl3 were not effective
to bring about any transformation (entries 2–4). AgOTf gave homo-
allylic alcohol 3a exclusively (93% yield) without a secondary
enyne cycloisomerization. However, the use of AuClPPh3(5 mol%)/
AgOTf(3 mol%) catalyst in CH2Cl2 at a brief time (2.0 h) gave homo-
allylic alcohol (3a) and biphenyl compound (4a) in 28% and 42%
yields, respectively, (entry 5). At a prolonged period (5 h), we only
obtained biphenyl 4a with the yield up to 84% (entry 6); this
observation confirms the intermediacy of 3a in this sequence.
We envisage that ‘‘PPh3AuOTf” generated here is active toward
both allylation and aromatization reaction because free AgOTf is
thought to be negligible in this catalyst composition (Au:Ag = 5:3).
PtCl2/CO [10] was not suitable to this reaction sequence even at
80 �C (entries 8 and 9). We extended this gold catalysis to unsub-
stituted allylsilane 2b, which led to the formation of 1-phenyl-
hex-5-en-1-yn-3-ol (3b) without any further cyclization.
Treatment of 1 and 2a with 5% TfOH for 24 h at room temperature
led to the protonation of allylsilane and the alkynal 1 was recov-
ered unreacted (entry 11) [11]. Similarly, 5% TMSOTf failed to give
desired 4a (entry 12).

mailto:rsliu@mx.nthu.edu.tw
http://www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem


Table 2
Tandem allylation/cyclization of alkynals.

R1

O

R2

SiMe3

PPh3AuCl
AgOTf

R1

R2

+
CH2Cl2, rt

5 h
1, 5-9 2a, 2c 10-19

Entrya Alkynal (R1) Silane (R2) Product Yield (%)b

1 Ph (1) Ph (2c) 10 90
2 p-MeOC6H4 (5) Me (2a) 11 88
3 m-MeOC6H4 (6) Me (2a) 12 80
4 m-MeOC6H4 (6) Ph (2c) 13 88
5 p-O2NC6H4 (7) Me (2a) 14 78
6 p-O2NC6H4 (7) Ph (2c) 15 80
7 p-F3CC6H4 (8) Me (2a) 16 85
8 p-F3CC6H4 (8) Ph (2c) 17 88
9 n-C6H13 (9) Me (2a) 18 82
10 n-C6H13 (9) Ph (2c) 19 86

a [Substrate] = 0.22 M.
b Yield of isolated product after silica gel column chromatography.
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We studied the scope of this gold-catalyzed tandem catalysis
(Table 2). Entry 1 shows the applicability of this cyclization to 2-
phenylallylsilane 2c, which gave 1,3-diphenyl benzene 10 in 90%
yield (entry 1). We prepared alkynal 5–6 bearing a p-and
m-methoxyphenyl groups 5–6, which gave the corresponding
1,3-disubstituted phenyl compounds 11–13 in 80–88% yields. Sub-
strates 7–8 bearing an electron-deficient p-nitro- and p-trifluoro-
methylphenyl group were very suitable for this tandem
sequence, giving 78–88% yields of resulting products 14–17.
Aliphatic alkynal 9 also worked well with allylsilanes 2a and 2c,
giving diphenyl compound in 82–86% yields.

We also examined the tandem cyclization of 3-phenylpropiolal-
dehyde (1) with various allylsilanes 2d–2h bearing various 2-
substituted R groups (Table 3). 2-arylallylsilanes 2d–2f (aryl = p-t-

BuC6H4, 2,4-dimethylphenyl, 2-benzothienyl) were very suitable
to this cyclization, giving desired biphenyl products 20–22 with
yields exceeding 81%. This tandem catalysis is extendible to allylsi-
lane 2g bearing a n-pentyl group (2e), giving compound 23 in 87%
yield. Carbomethoxy substituted allylsilane (2h) only led to its
exclusive recovery even for a prolonged reaction time; this is
obviously due to its low reactivity in allylation of carbonyl
compounds.

We propose a plausible mechanism to rationalize the course of
this allylation/aromatization cascade (Scheme 2). As depicted in
Scheme 1, ‘‘PPh3AuOTf” was shown to be catalytically active to-
ward allylation and cyclization. We previously reported that
[11a] treatment of ‘‘PPh3AuOTf” with allylSiMe3 did not generate
allylAuPPh3. Consequently we believe that PPh3AuOTf initially
Table 1
Catalyst screening over various acid catalysts

Ph
O

R

SiMe3

CH2Cl2

Ph
OH

R R

5% catalyst1

R = Me (2a); H (2b)

+

R = Me (3a); H (3b) R = Me (4a); H (4b)

Entrya Catalyst Allylsilane Condition Products (yield %)b

1 5% AuClPPh3/5% AgSbF6 2a 1 h, rt Messy
2 5% AuCl 2a 10 h, rt N.R.c

3 5% AuCl3 2a 10 h, rt N.R.c

4 5% AuClPPh3 2a 24 h, rt N.R.c

5 5% AgOTf 2a 24 h, rt 3a (93)
6d 5% AuClPPh3/3% AgOTf 2a 2 h, rt 3a (28), 4a (42)
7 5% AuClPPh3/3% AgOTf 2a 5.0 h, rt 4a (84)
8 5% PtCl2/CO 2a 10 h, rt N.R.c

9 5% PtCl2/CO 2a 0.5 h, 80 �C messy
10 5% AuClPPh3/5% AgOTf 2b 24 h, rt 3b (64)
11 5% TfOH 2a 24 h, rt N.R.c

12 5% TMSOTf 2a 24 h, rt 3a (33)

a [Substrate] = 0.22 M.
b Yields are for products isolated after silica gel column chromatography.
c No reaction.
d 12% of unreacted alkynal 1 was recovered.
coordinates to aldehyde to activate the allylation, leading to the
formation of alcohol derivative B through intermediate A. We
envisage that the gold-alkoxy group of intermediate B tends to un-
dergo exchange with TMSOTf to regenerate active PPh3AuOTf be-
cause Si(IV) has a better affinity toward the alkoxy group than
Au(I). A subsequent electrophilic activation of the alkyne C by
Au+ gives rise to a 6-endo-dig ring closure, producing carbenoid
intermediate E, which is also represented by resonance form E0.
In contrast with the Fürstner pathway, as depicted in Scheme 1,
we envisage that tertiary carbocation E0 enhance the acidity of
the neighboring CH2 hydrogen that was readily deprotonated by
OTf anion to generate Au-cyclohexadienyl species. A final elimina-
tion of one molecule of TMSOH from species F led to gold-phenyl
species G, which undergoes protodemetallation to give the final
product. According to this proposed mechanism, it is clear that
the better stabilization of R2 = Ph, alkyl on the cationic intermedi-
ate E and E0 are crucial to realize the aromatization. This assess-
ment accounts for the failure to obtain aromatization product
from unsubstituted allylsilane 2b.

In conclusion, we reported a facile synthesis of 1,3-disubsti-
tuted benzenes through cyclization of alkynyl aldehydes and 2-
substituted allylsilanes. This reaction sequence comprises a tan-
dem allylation and cyclization of enynes; the active species for
these two steps are PPh3AuOTf. A wide scope of alkynyl aldehydes
is applicable to this tandem sequence whereas the nature of the 2-
substituent of allylsilane is crucial for the both initial allylation and
the secondary aromatization. Evaluation of additional values of
such reactions is currently underway.

3. Experimental

Unless otherwise noted, all reactions were carried out under
nitrogen atmosphere in oven-dried glassware using standard



Table 3
Tandem allylation/cyclization of 3-phenylpropiolaldehyde

Ph
O

R

SiMe3

Ph

R2

+

5% AuCl.PPh3
/ AgOTf

DCM / r.t
4.5h

1
2d-2h 20-24

Entrya Silane Product Yield (%)b

1 p-tBu-C6H4 (2d) 20 94
2

(2e)

21 92

3
S

(2f) 22 81

4 n-C5H11(2g) 23 87
5 CO2Me (2h) 24 N.R.c

a Substrate = 0.22 M.
b Yield of isolated product after silica gel column chromatography.
c No reaction.
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syringe, cannula and septa apparatus. Hexane was dried with so-
dium benzophenone and distilled before use. Dichloromethane
was dried over CaH2 and distilled before use. All the 1H NMR and
13C NMR were recorded in CDCl3 solution. Allylsilanes were pre-
pared according to the procedures reported in literature [12].

3.1. Procedure for the synthesis of 3-phenylpropiolaldehyde (1)

To a mixture of Pd(PPh3)2Cl2 (0.344 g, 0.49 mmol) and CuI
(0.093 g, 0.49 mmol) was added a triethylamine (15 mL) solution
of iodobenzene (2.00 g, 9.80 mmol) at 0�, and the mixture was stir-
red for 10 min before addition of propargyl alcohol (0.549 g,
9.80 mmol). At the end of reaction, the resulting solution was fil-
tered, concentrated in vacuo, and partitioned between ethyl ace-
tate and water. The organic layer was washed with brine and
dried over MgSO4 and the residues were chromatographed through
a silica column (ethyl acetate/hexane, 1:9) to afford the compound
1 as light-yellow oil (1.14 g, 8.63 mmol, 88%). This product was dis-
solved in dichloromethane (20 mL), cooled to 0 �C, and treated
with a mixture (1:1 w/w) of PCC (2.42 g, 11.21 mmol) and celite.
The resulting suspension was stirred at 0 �C. for 1 h, and the reac-
tion mixture was filtered through a short silica pad. Concentration
of the solution gave the crude product which was then subjected to
a silica column chromatography (ethyl acetate–hexane, 0.5:9.5),
giving 3-phenylpropiolaldehyde (1) as oil. (0.808 g, 6.208 mmol,
72%).
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Scheme
3.2. Experimental procedure for tandem allylation/gold-catalyzed
cyclization

A long tube containing AuClPPh3 (19.0 mg, 0.0384 mmol) and
AgOTf (5.80 mg, 0.0225 mmol) was evacuated and backfilled with
N2. After repeating this procedure twice, the tube was charged
with alkynal 1 (0.1 g, 0.768 mmol), allylsilane 2a (0.108 g,
0.845 mmol) and CH2Cl2 (3.5 ml). The resulting mixture was stir-
red at 23 �C, 4.5 h, and filtered over a small silica bed. After re-
moval of the solvent in vacuo, the residues were purified on a
silica column (hexane) to give the 4a (0.1 g, 0.645 mmol, 84%) as
a colorless liquid.

3-Methylbiphenyl 4a: Colorless oil, IR (nujol, cm�1): 3028 (m),
2906 (m), 685 (s), 778 (s); 1H NMR (600 MHz, CDCl3): d
7.59 � 7.58 (m, 2H), 7.44 � 7.39 (m, 4H), 7.35 � 7.32 (m, 2H),
7.16 (d, J = 7.4 Hz, 2H), 2.42 (s, 3H); 13C NMR (150 MHz, CDCl3): d
141.3, 141.2, 138.3, 128.7 (�2CH), 128.6, 127.9, 127.1 (�2CH),
124.2, 21.5; HRMS Calc. for C13H12: 168.0939, found: 168.0941.

Compound 10: White solid, IR (nujol, cm�1): 3039 (m), 2910(m),
683(s), 774(s); 1H NMR (600 MHz, CDCl3): d 7.86 � 7.85 (m, 1H),
7.69 � 7.68 (m, 4 H), 7.62 � 7.60 (m, 2H), 7.56 � 7.48 (m, 5H),
7.42 � 7.39 (m, 2H); 13C NMR (150 MHz, CDCl3): d 141.7, 141.1,
129.1, 128.8, 127.4, 127.2, 126.1, 126.0; HRMS Calc. for C18H14:
230.1096, found: 230.1094.

40-Methoxy-3-methylbiphenyl 11: Colorless oil, IR (nujol, cm�1):
3035 (m), 2904 (m), 1248 (s),1037 (s); 1H NMR (600 MHz, CDCl3):
d 7.54 � 7.52 (m, 2H), 7.39 (s, 1H), 7.36 � 7.34 (m, 1H), 7.29 (t,
J = 7.5 Hz, 1H), 7.12 (d, J = 7.5 Hz, 1H), 6.97 � 6.95 (m, 2H); 13C
NMR (150 MHz, CDCl3): d 159.4, 140.8, 138.6, 133.8, 128.8, 128.2,
127.6, 123.8, 114.3, 55.4, 21.4; HRMS Calc. for C14H14O:
198.1045, found: 198.1046.

3-Methoxy-30-methylbiphenyl 12: Colorless oil, IR (nujol, cm�1):
3031 (m), 2901 (m), 1246 (s),1034 (s); 1H NMR (600 MHz, CDCl3):
d 7.45 � 7.33 (m, 4H), 7.22 � 7.15 (m, 3H), 6.92 � 6.90 (m, 1H),
3.87 (s, 3H), 2.44 (s, 3H); 13C NMR (150 MHz, CDCl3): d 160.2,
142.8, 141.0, 138.6, 129.9, 128.7, 128.3, 127.9, 124.3, 119.6,
112.8, 112.7, 55.3, 21.4; HRMS Calc. for C14H14O: 198.1045, found:
198.1043.

Compound 13: White solid; IR (neat, cm�1): 3041 (m), 1252 (s),
1044 (s); 1H NMR (600 MHz, CDCl3): d 7.78 (t, J = 1.6 Hz, 1H),
7.64 � 7.63 (m, 2H), 7.57 � 7.55 (m, 2H), 7.51 � 7.44 (m, 3H),
7.38 � 7.35 (m, 2H), 7.24 � 7.17 (m, 2H), 6.92 � 6.90 (m, 1H),
3.86 (s, 3H); 13C NMR (100 MHz, CDCl3): d 159.9, 142.7, 141.7,
141.6, 141.1, 129.8, 127.4, 127.2, 126.3, 126.2, 126.1, 119.7,
112.9, 112.8, 55.3; HRMS Calc. for C19H16O: 260.1201, found:
260.1204.

3-Methyl-40-nitrobiphenyl 14: White solid; IR (neat, cm�1): 2894
(m), 1532 (s), 1333 (s); 1H NMR (600 MHz, CDCl3): 8.25 � 8.23 (m,
SiMe3

R2

A

LAu+
OSiMe3

R2

R2R1

u
OSiMe3

-OTf

Me3SiOTf

HOTf

B

R2R1

LAu
OSiMe3

H

E

R2R1
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R1
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2H), 7.70 � 7.68 (m, 2H), 7.41 � 7.35 (m, 3H), 7.24 (d, J = 7.8 Hz,
1H), 2.43 (s, 3H); 13C NMR (150 MHz, CDCl3): d 147.7, 146.9,
138.8, 138.6, 129.6, 128.9, 128.0, 127.6, 124.4, 123.9, 21.4; HRMS
Calc. for C13H11NO2: 213.079, found: 213.0792.

Compound 15: White solid; IR (neat, cm�1): 3034 (m), 1536 (s),
1330 (s); 1H NMR (600 MHz, CDCl3): d 8.30 � 8.28 (m, 2H),
7.81 � 7.76 (m, 3H), 7.66 � 7.54 (m, 5H), 7.49 � 7.38 (m, 3H); 13C
NMR (150 MHz, CDCl3): d 147.5, 147.1, 142.2, 140.5, 139.2, 129.5,
128.9 (�2CH), 127.8, 127.7, 127.6, 127.1, 126.2, 124.1; HRMS Calc.
for C18H13NO2: 275.0946, found: 275.0948.

3-Methyl-40-(trifluoromethyl)biphenyl 16: Colorless oil; IR (neat,
cm�1): 3025 (m), 2902 (m), 678 (s), 772 (s); 1H NMR (600 MHz,
CDCl3) d 7.7 (s, 4H), 7.44 � 7.37 (m, 3H), 7.25 (d, J = 7.2 Hz, 1H),
2.46 (s, 3H); 13C NMR (150 MHz, CDCl3): d 144.8, 139.7, 138.6,
129.3 � 125.6 (�2C), 128.9, 128.8, 128, 127.4, 125.6, 124.3, 21.4;
HRMS Calc. for C14H11F3: 236.0813, found: 236.0811.

Compound 17: White solid; IR (neat, cm�1): 3041 (m), 681 (s),
779 (s); 1H NMR (600 MHz, CDCl3): d 7.84 (s, 1H), 7.76 � 7.74 (m,
4H), 7.69 � 7.66 (m, 1H), 7.6 � 7.5 (m, 4H), 7.44 � 7.41 (m, 1H);
13C NMR (150 MHz, CDCl3): d 144.6, 142.1, 140.8, 140.3,
129.4 � 125.2 (�2C), 129.3, 128.8, 127.6, 127.5, 127.2, 126.9,
126.1, 125.72, 125.7; HRMS Calc. for C19H13F3: 298.0969, found:
298.0967.

1-Hexyl-3-methylbenzene 18: Colorless oil; IR (neat, cm�1): 3039
(m), 2908 (m), 687 (s), 778 (s); 1H NMR (600 MHz, CDCl3): d 7.17 (t,
J = 7.4 Hz, 1H), 7.0 � 6.98 (m, 3H), 2.57 (t, J = 7.7 Hz, 2H), 2.34 (s,
3H), 1.62 � 1.29 (m, 8H), 0.89 (t, J = 7 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d 142.9, 137.6, 129.2, 128.1, 126.2, 125.4, 35.9,
31.7, 31.5, 29.1, 22.6, 21.4, 14.1; HRMS Calc. for C13H20:
176.1565, found: 176.1564.

3-Hexylbiphenyl 19: Colorless oil; IR (neat, cm�1): 3036 (m),
2903 (m), 682 (s), 777 (s); 1H NMR (600 MHz, CDCl3): d
7.68 � 7.67 (m, 2H), 7.52 � 7.48 (m, 4H), 7.43 � 7.39 (m, 2H),
7.23 (d, J = 7.6 Hz, 1H), 2.75 (t, J = 7.7 Hz, 2H), 1.77 � 1.72 (m,
2H), 1.47 � 1.39 (m, 6H), 0.98 (t, J = 6.8 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d 143.4, 141.5, 141.2, 128.7, 128.6, 127.3
(�2CH), 127.2, 127.1, 124.5, 36.1, 31.7, 31.5, 29.1, 22.6, 14.1; HRMS
Calc. for C18H22: 238.1722, found: 238.1724.

Compound 20: White solid; IR (neat, cm�1): 3044 (m), 686 (s),
776 (s); 1H NMR (600 MHz, CDCl3): d 7.89 (s, 1H), 7.72 (d,
J = 7.2 Hz, 2H), 7.68 � 7.61 (m, 4H), 7.57 � 7.50 (m, 5H),
7.57 � 7.50 (m, 5H), 7.43 (t, J = 7.2, 1H), 1.45 (s, 9H); 13C NMR
(150 MHz, CDCl3): d 150.4, 141.7, 141.6, 141.2, 138.2, 129.1,
128.7, 127.3, 127.2, 126.9, 126.0, 125.9, 125.8, 125.7, 34.5, 31.3;
HRMS Calc. for C22H22: 286.1722, found: 286.1724.

3-Pentylbiphenyl 21: Colorless oil; IR (neat, cm�1): 3035 (m),
2896 (m), 682 (s), 782 (s); 1H NMR (600 MHz, CDCl3): d 7.62 (d,
J = 7.2 Hz, 2H), 7.47 � 7.35 (m, 6H), 7.19 (d, J = 7.6 Hz, 1H), 2.7 (t,
J = 7.6 Hz, 2H) 1.72 � 1.68 (m, 2H), 1.4 � 1.38 (m, 4H), 0.94 (t,
J = 6.4 Hz, 3H); 13C NMR (150 MHz, CDCl3): d 143.4, 141.4, 141.1,
128.7, 128.6, 127.4, 127.3, 127.2, 127.1, 124.5, 36.0, 31.5, 31.2,
22.5, 14.0; HRMS Calc. for C17H20: 224.1565, found: 224.1563.

Compound 22: White solid; IR (neat, cm�1): 3021 (m), 2888 (m),
680 (s), 771 (s); 1H NMR (600 MHz, CDCl3): d 7.77 (s, 1H), 7.63 (d,
J = 7.6 Hz, 2H), 7.54 (d, J = 7.2 Hz, 2H), 7.49 � 7.43 (m, 3H), 7.35 (t,
J = 7.2, 1H), 7.25 (s, 2H), 7.0 (s, 1H), 2.38 (s, 6H); 13C NMR
(150 MHz, CDCl3): d 141.9, 141.6, 141.2, 141.1, 129.0, 128.9,
128.7, 127.3, 127.2 (�2CH), 126.1, 125.9, 125.1, 21.3; HRMS Calc.
for C20H18: 258.1409, found: 258.1408.

2-(Biphenyl-3-yl)benzo[b]thiophene 23: White solid; IR (neat,
cm�1): 3029 (m), 684 (s), 783 (s); 1H NMR (600 MHz, CDCl3): d
7.96 (s, 1H), 7.86 (d, J = 7.6 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H),
7.75 � 7.67 (m, 3H), 7.62 (s, 1H), 7.58 (d, J = 7.6 Hz, 1H), 7.5 (s,
J = 7.2 Hz, 3H), 7.47 � 7.31 (m, 3H); 13C NMR (150 MHz, CDCl3): d
144.08, 141.9, 140.7, 140.6, 139.5, 134.7, 129.3, 128.8, 127.6,
127.2, 127.1, 125.3 (�2CH), 124.5, 124.3, 123.6, 122.2, 119.7;
HRMS Calc. for C20H14S: 286.0816, found: 286.0813.
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