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The metal-catalyzed coupling of multifunctional groups[1–4] is
synthetically useful because two or more carbon–carbon and
carbon–heteroatom bonds can be formed simultaneously in a
one-pot operation. Regiocontrolled hydrative cyclization of
an alkyne with another functional group is particularly
notable, as this procedure provides complex oxygenated
carbocyclic molecules from readily available alkynes.[2–4] The
reported examples are restricted to two-component cycliza-
tions, including hydrative cyclization of 1,n-diynes (n= 5, 6),[2]

1-yne-5-enones,[3] and 1-en-5-ynes.[4] Nucleophilic hydration
of internal alkynes is seldom used in such cyclizations[2c]

because the resulting ketones are generally inactive in the
subsequent coupling with unactivated alkynes and alkenes.[5]

Herein we report a new cyclization of triynes initiated by a
PtCl2-catalyzed nucleophilic hydration of internal alkynes.
This coupling reaction yields bicyclic spiro ketones with
remarkable regioselectivity, even for triynes with three
inequivalent internal alkynes.

We previously reported the catalytic cyclization of ene-
diynes with water and other nucleophiles in the presence of
[TpRuPPh3(CH3CN)2]PF6 (Tp= tris(1-pyrazolyl)borate) to
produce functionalized benzene derivatives regioselective-
ly.[2c] Hydrative cyclization of triyne 1 with this ruthenium
species (8 mol%) in hot, wet 1,4-dioxane (6H2O, 100 8C, 24 h)
gave a complex mixture of products, from which spiro ketone
2bwas isolated in 3% yield (Table 1, entry 1). After screening
the catalytic activity of common p-Lewis acids,[6] we found
that only PtCl2

[7] (8 mol%) showed reasonable activity to give
a 56% yield of spiro ketone 2b (entry 2); the yield was further
increased to 78% in the presence of CO (1 atm).[7] After a
brief reaction (5 h, entry 4), we isolated p-ketonyl alcohol 2a
(14:1 d.r.) in 28% yield as well as the desired ketone 2b
(54%). Alcohol 2a was verified to be the precursor of spiro
ketone 2b because it underwent facile dehydration when
catalyzed by PtCl2/CO in the presence or absence of water
(entry 5). In contrast, ketone 2bwas recovered in hot, wet 1,4-
dioxane (entry 6). Spiro ketone 2b was characterized through
an X-ray diffraction analysis,[8] while alcohol 2awas identified
according to the crystal structure of its analogue 28a.[8]

We extended this hydrative cyclization to symmetric
triynes 3–10 containing two inequivalent internal alkynes
(Table 2). Entries 1–4 show the results of the reaction when
the Y substituents, which are in the para position to the prop-

Table 1: Hydrative cyclization of triyne species 1 with PtCl2.

Entry Substrate[a] Catalyst n t Product (yield [%])[b]

1 1 [TpRu][a] 6 24 h 2b (3)
2 1 PtCl2 6 24 h 2b (56)
3 1 PtCl2/CO 6 24 h 2b (78)
4 1 PtCl2/CO 6 5 h 2a (28), 2b (54)[c]

5 2a PtCl2/CO 0.6 20 h 2b (88, 76[d])
6 2b PtCl2/CO 6 24 h 2b (78)

[a] [TpRu]= [TpRuPPh3(CH3CN)2]PF6, 100 8C, 1,4-dioxane, [triyne]=
0.2m. [b] Yields are given after purification by column chromatography
on silica gel. [c] The d.r. ratio for 2a is 14:1. [d] This 76% yield
corresponds to 6 equiv of water.

Table 2: PtCl2-catalyzed hydrative cyclization of symmetric triynes.

Entry Triyne[a] Product Yield [%][b]

1 X=H, Y=OMe (3) 11b 35
2 X=H, Y=Me (4) 12b 62
3 X=H, Y=F (5) 13b 65
4 X=H, Y=CF3 (6) 14a[c] 53

14b 12
5 X=OMe, Y=H (7) 15b 81
6 X=Me, Y=H (8) 16b 70
7 X=F, Y=H (9) 17b 35
8 X=Y=�OCH2O- (10) 18b 69

[a] 100 8C, 1,4-dioxane, [triyne]=0.20m, 24 h. [b] Yields are given after
purification by column chromatography on silica gel. [c] The d.r. ratio for
14a is 10:1.
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1-ynyl group, were varied; the methoxy substituent 3 is less
efficient in the cyclization compared to its methyl-, fluoro-,
and trifluoromethyl analogues 4–6. The alcohol 14a was
obtained as the major product (in entry 4) because of its
relative stability in aqueous 1,4-dioxane. Entries 5–7 show the
results when the X substituents, which lie para to the inner
alkyne, were varied. In these cases, this hydrative
cyclization was found to be unfavorable for fluoro
derivative 9, relative to its methoxy and methyl
analogues 7 and 8. When triyne 10, which contains
a methylenedioxy group, was used, its correspond-
ing cyclized ketone 18b was obtained in 69% yield
(entry 8).

The value of this hydrative cyclization is
reflected by its applicability to unsymmetric triynes
19–24, which contain three inequivalent internal
alkynes; the cyclization proceeded highly regiose-
lectively to yield bicyclic spiro products of only one
family (Table 3). The duration of the reactions in
entries 1–5 and 7 (7–24 h) indicates the complete
consumption of triynes 19–24.[9] The 1H NOE
spectra of species 25a and 26a[8] reveal that the
tertiary alcohol is situated on the cyclohexanone
ring rather than the cyclopentane ring. This
structural assignment was confirmed by an X-ray
diffraction study of alcohol 28a, of which the major
diastereomer has the 2R*,3S* configuration.[8] In
the cyclized products 25–30, the more electron-rich
C6H4X ring forms a spiro cyclohexanone ring whereas the
remaining electron-deficient C6H4Y ring generates a spiro

indene ring. Transformation of alcohols 25a–28a into their
spiro ketones 25b–28b proceeded efficiently (83–89% yields)
in hot and anhydrous 1,4-dioxane in the presence of a PtCl2/
CO catalyst (8 mol%).

Scheme 1 shows the model reactions carried out to
simulate the mechanism of cyclization. PtCl2-catalyzed hydra-

tion of alkyne species 31 in hot, wet 1,4-dioxane (6H2O,
100 8C, 12 h) produced cyclized indene species 32 in a yield of
up to 91%. We also prepared ketone species 33, which was
shown to be unrelated to the formation of indene compound
32 because it gave a mixture of products in dry 1,4-dioxane,
and gave 1-naphthol 34 in 31% yield in wet conditions. These
observations suggest that indene 32 is derived from an alkyne
insertion in to intermediate I, followed by hydrodemetalation
of intermediate II. Catalytic hydration of alkyne species 35 by
PtCl2 is rapid and complete in a short time (1,4-dioxane,
100 8C, 30 min) to give a-tetralone 36a and 1-naphthol 36b in
yields of 63% and 25%, respectively; the common inter-
mediate is thought to be diketone IV. The hydration
selectivity occurs at the C�CMe carbon atom rather than
the expected PhC�C carbon atom.[10, 11] Transformation of
species 35 into 1-naphthol 36b was also conducted effectively
by wet HPF6 (10 mol%) in hot 1,4-dioxane (100 8C, 2 h;
Scheme 1).

The fact that alcohol species 26a was verified as the
primary product strongly indicates the participation of
intermediate E in the cyclization mechanism (Scheme 2).
According to the model reactions in Scheme 1, we envisage
that hydration of triyne 20 occurs more readily at the inner
diphenyl alkyne to give a-ketonyl platinum species C, of
which the ketone group facilitates the second catalytic
hydration at its ortho-alkynyl C(2’) carbon atom to produce
diketone species D. This species undergoes a subsequent
alkyne insertion and hydrodemetalation to form indene
compound F, of which the CHCO hydrogen atom is highly
acidic and activates aldol condensation to give the observed
bicyclic alcohol 26a.

Table 3: PtCl2-catalyzed hydrative cyclization of unsymmetric triynes.

Entry Triyne[a] t Product Yield [%][b]

1 X=OMe,
Y=CF3 (19)

12 h 25a (9.0:1 d.r.)
25b

54
17

2 X=Me,
Y=CF3 (20)

24 h 26a (11:1 d.r.)
26b

44
36

3 X=H,
Y=CF3 (21)

24 h 27a (12.9:1 d.r.)
27b

23
38

4 X=Me,
Y=F (22)

18 h 28a (7.3:1 d.r.)
28b

47
26

5 X=Me,
Y=H (23)

7 h 29a (>20 d.r.)
29b

51
26

6 X=Me, Y=H (23) 36 h 29b 76
7 X=OMe, Y=F (24) 8 h 30b 61

[a] 100 8C, 1,4-dioxane, [triyne]=0.20m. [b] Yields are given after
purification by column chromatography on silica gel.

Scheme 1. Model reactions to simulate the cyclization mechanism.
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The selective hydrations of alkyne 35 to diketone IV and
of C to D are crucial for the formation of the observed spiro
ketones. The observed selectivity is contrary to literature
reports[10] and our separate experiments[11] that p-Lewis acids
prefer to add water at the PhC�CR carbon atom (R= alkyl).
The C(2)-selectivity for the hydration of alkyne 35 is
attributed to an initial PtCl2- or proton-catalyzed 6-endo-
cyclization of p-alkyne speciesG[12] to form benzo[c]pyrylium
H, which produces diketone IV upon hydrolysis of this
intermediate [Eq. (1)].

The preceding proposed mechanism also rationalizes the
effects of X and Y substituents in Table 2. A low yield was
obtained with Y=OMe (Table 2, entry 1) because it favors
the second hydration at the C�CMe carbon atom rather than
the desired C�CMe carbon atom. A similarly low yield with
X=F (Table 2, entry 7) arises from its slow hydration at the
inner alkyne carbon atom because of its high electronegativ-
ity.

The understanding of the preceding cycli-
zation mechanism is very helpful for the design
of new hydrative cyclizations of triynes; one
example is shown in Scheme 3. The PtCl2/CO-
catalyzed hydrative cyclization of triynes 37
and 38 provided a one-pot synthesis of new
bicyclic ketones 39 and 40 in yields of 56% and
78%, respectively; the structure of compound
40 has been characterized by an X-ray diffrac-
tion study.[8] In this catalysis, H2O initially
attacks at the outer MeOC6H4C�C carbon
atom to form acylplatinum species I, which
then undergoes alkyne insertion and hydro-
demetalation to form indene species J. After a
second hydration at the remaining alkyne of J,
the resulting diketone species K undergoes a

subsequent aldol condensation to initially form the
[5.3.0]octenol species rather than the strained [3.3.0]octenol
product.

In summary, we have reported a regioselective hydrative
cyclization of triynes[13,14] to give bicyclic spiro ketones in
good yields. According to our model reactions, this cyclization
is proposed to proceed by two initial selective hydrations,
followed by an alkyne insertion and aldol condensation.
Further application of this catalysis to the synthesis of
bioactive molecules is under investigation.
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