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Abstract

A chemoselective [2 + 2 + 2] cycloaddition of an internal alkyne, a terminal alkyne and dimethyl acetylenedicarboxylate was efficiently cat-
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lyzed by CpRuCl(cod) to give trisubstitutedo-phthalates in good yield. It is critical to control the molar ratio of the three substrates to a
igh chemoselectivity, and regioselectivity of the products is sensitively influenced by the bulkiness of substituents on the interna
2005 Elsevier B.V. All rights reserved.
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. Introduction

Transition metal complex-catalyzed cyclotrimerization of
lkynes is a powerful tool for aromatic ring construction

1–7]. Although intensive studies have been done to date,
here are quite few reports for the selective [2 + 2 + 2] cycload-
ition of three different alkynes, due to difficult control of

he chemo- and regio selectivity[4]. Early-transition metals
uch as zirconium[8–10]and titanium[11,12]are known to
ediate the selective cycloaddition, in which the chemose-

ectivity is well regulated by stepwise addition of the differ-
nt alkynes. As for catalytic reactions using late-transition
etals, a palladium-catalyzed unique arene formation from

wo different alkynes and a diyne has been reported by
amamoto and co-workers, which mechanism is actually
ot simple [2 + 2 + 2] cycloaddition but dimerization of the
lkynes and successive [4 + 2] benzannulation with the diyne

13]. Nickel(0)–zinc(II) phenoxide system is effective for
he catalytic [2 + 2 + 2] cycloaddition proceeding under mild
onditions, while the chemo- and regio-selectivity are still

problematic[14]. Recently, a ruthenium-catalyzed react
has also been reported, where in situ-generation of d
from alkynylboronates and propargyl alcohol is elega
applied[15].

Previously we reported the ruthenium-catalyzed hi
chemoselective intermolecular [2 + 2 + 2] cycloaddition of
2 equiv of terminal alkynes with DMAD (dimeth
acetylenedicarboxylate) to affordo-phthalates in high yiel
(Eq.(1)) [16]. In the course of our further investigations,
found the same catalyst system could be applied to the t
component reaction and successfully achieved the chem
lective [2 + 2 + 2] cycloaddition of three different alkynes,
controlling the molar ratio of the substrates. Here we des
the reaction details and discuss the mechanism.
∗ Corresponding author. Tel.: +81 75 3832506; fax: +81 75 3832507.
E-mail address:mitsudo@scl.kyoto-u.ac.jp (T. Mitsudo). (1)
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2. Experimental

2.1. General

All reactions were performed under an argon atmosphere.
GLC analyses were performed on a Shimadzu GC-14B gas
chromatograph with a glass column (3.2 mm i.d.× 3.0 m)
packed with Silicone OV-17 (2% on Chromosorb W (AW-
DMCS), 60–80 mesh). NMR spectra were recorded on JEOL
AL-300 (FT, 300 MHz (1H), 75 MHz (13C)) spectrometer.
Chemical shift values (δ) were expressed relative to SiMe4
as an internal standard.13C NMR Inadequate measurements
were performed on a Bruker Dual Cryoprobe at Bruker
BioSpin K.K. IR spectra were recorded on a Nicolet Impact
410 FT-IR spectrometer. Elemental analyses were performed
at the Microanalytical Center of Kyoto University.

2.2. Materials

Cp* RuCl(cod) was synthesized as described in the litera-
ture [17]. Substrates were commercially available and were
used without further purification. All solvents were distilled
under argon over appropriate drying reagents (sodium, cal-
cium hydride, sodium-benzophenone or calcium chloride).

2.3. The synthetic procedure of the products
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2.6. Dimethyl 3,4-diethyl-5-n-decyl-o-phthalate (1c)

Pale yellow liquid; IR (cm−1, neat) 2918, 2852, 1739,
1466.1H NMR (CDCl3, 300 MHz)δ 7.59 (s, 1H), 3.88 (s,
3H), 3.80 (s, 3H), 2.63 (m, 2H), 2.52 (m, 2H), 1.50 (m, 2H),
1.19 (m, 16H), 1.10 (m, 6H), 0.82 (m, 3H).13C NMR (CDCl3,
75 MHz) δ 170.4, 166.2, 145.6, 142.2, 139.1, 133.3, 128.7,
124.7, 52.4, 52.3, 33.0, 32.6, 29.9, 29.7, 29.7, 29.6, 29.6,
29.4, 23.9, 22.8, 22.0, 16.0, 15.2, 14.3.

2.7. Dimethyl 3,4-dipropyl-5-n-octyl-o-phthalate (1d)

Pale yellow liquid; IR (cm−1, neat) 2955, 2926, 1731.1H
NMR (CDCl3, 300 MHz)δ 7.58 (s, 1H), 3.85 (s, 3H), 3.78
(s, 3H), 2.54 (m, 8H), 1.50 (m, 2H), 1.20 (m, 12H), 0.95
(m, 6H), 0.82 (m, 3H).13C NMR (CDCl3, 75 MHz)δ 170.5,
166.2, 144.5, 142.3, 138.1, 133.3, 128.6, 124.7, 52.4, 52.3,
33.2, 32.0, 31.5, 29.9, 29.5, 29.4, 25.1, 24.4, 22.8, 22.8, 22.8,
15.0, 15.0, 14.2. Anal. Calcd. for C24H38O4: C 73.81, H 9.81.
Found: C 74.10, H 9.62.

2.8. Dimethyl 3,4-dipentyl-5-n-octyl-o-phthalate (1e)

Pale yellow liquid; IR (cm−1, neat) 2954, 2926, 1732.
1H NMR (CDCl3, 300 MHz) δ 7.58 (s, 1H), 3.85 (s, 3H),
3.78 (s, 3H), 2.54 (m, 8H), 1.50 (m, 2H), 1.20 (m, 12H),
0
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A mixture of DMAD (4.0 mmol), 1-octyne (24 mmo
-hexyne (160 mmol) and Cp* RuCl(cod) (0.20 mmol) i

oluene (50 mL) was stirred at 110◦C for 24 h. After remova
f the solvent, silica gel column chromatography (h
ne/ethyl acetate = 20/1) and subsequent Kugelrohr dis

ion afforded1a in 24% isolated yield (0.32 g, 0.97 mmo
ompounds1b-g and3d-ewere also prepared in a simi
anner described above.

.4. Dimethyl 3,4-diethyl-5-n-hexyl-o-phthalate (1a)

Pale yellow liquid; IR (cm−1, neat) 2955, 2925, 173
270.1H NMR (CDCl3, 300 MHz)δ 7.64 (s, 1H), 3.90 (s
H), 3.83 (s, 3H), 2.68 (m, 2H), 2.61 (m, 2H), 1.56 (m, 2
.29 (m, 8H), 1.14 (m, 6H), 0.86 (m, 3H).13C NMR (CDCl3,
5 MHz) δ 170.3, 166.1, 145.5, 142.1, 139.1, 133.3, 12
24.7, 52.3, 52.2, 33.0, 32.6, 31.7, 29.4, 23.8, 22.7,
5.9, 15.2, 14.2. Anal. Calcd. for C20H30O4: C 71.82, H 9.04
ound: C 71.87, H 8.89.

.5. Dimethyl 3,4-diethyl-5-n-octyl-o-phthalate (1b)

Pale yellow liquid; IR (cm−1, neat) 2930, 2849, 173
463.1H NMR (CDCl3, 300 MHz)δ 7.67 (s, 1H), 3.93 (s
H), 3.86 (s, 3H), 2.72 (m, 2H), 2.64 (m, 2H), 1.56 (m, 2
.28 (m, 10H), 1.17 (m, 6H), 0.89 (m, 3H).13C NMR (CDCl3,
5 MHz) δ 170.6, 166.4, 145.8, 142.4, 139.4, 133.7, 12
25.0, 52.3, 52.2, 33.0, 32.0, 31.5, 29.9, 29.5, 29.3,
2.7, 21.9, 15.9, 15.2, 14.2. Anal. Calcd. for C22H34O4: C
2.89, H 9.45. Found: C 72.94, H 9.45.
.95 (m, 6H), 0.82 (m, 3H).13C NMR (CDCl3, 75 MHz) δ

70.5, 166.2, 144.5, 142.3, 138.1, 133.3, 128.6, 124.7,
2.3, 33.2, 32.0, 31.5, 29.9, 29.5, 29.4, 25.1, 24.4, 22.8,
2.8, 15.0, 15.0, 14.2. Anal. Calcd. for C28H46O4: C 75.29
10.38. Found: C 75.34, H 10.41.

.9. Dimethyl 3,4-diethyl-5-phenyl-o-phthalate (1f)

Pale yellow liquid; IR (cm−1, neat) 2970, 1746, 173
H NMR (CDCl3, 400 MHz):δ 7.70 (s, 1H), 7.44–7.35 (m
H), 7.28–7.25 (m, 2H), 3.98 (s, 3H), 3.84 (s, 3H), 2.71
= 7.8 Hz, 2H), 2.65 (q,J= 7.8 Hz, 2H), 1.24 (t,J= 7.8 Hz,
H), 0.95 (t,J= 7.8 Hz, 3H).13C NMR (CDCl3, 100 MHz):δ
70.1, 165.9, 145.7, 143.5, 141.0, 139.5, 134.8, 129.6, 1
2C), 128.0 (2C), 127.1, 124.4, 52.5, 52.3, 23.9, 22.8, 1
5.3. MS (EI)m/z326 (M+). Anal. Calcd. for C20H22O4: C,
3.60; H, 6.79. Found: C, 73.30; H, 6.86.

.10. Dimethyl 3,4-diethyl-5-trimethylsilyl-o-phthalate
1g)

Pale yellow liquid; IR (cm−1, neat) 2953, 1738, 172
453, 1434, 1291.1H NMR (CDCl3, 400 MHz): δ 7.96 (s
H), 3.91 (s, 3H), 3.84 (s, 3H), 2.81 (q,J= 7.8 Hz, 2H), 2.64
q,J= 7.7 Hz, 2H), 1.16 (t,J= 7.8 Hz, 3H), 1.14 (t,J= 7.7 Hz,
H), 0.32 (s, 9H).13C NMR (CDCl3, 100 MHz): δ 170.3,
66.5, 153.7, 140.7, 138.8, 136.6, 134.3, 124.3, 52.4,
6.5, 23.2, 16.6, 16.0, 0.79 (3C). MS (EI)m/z322 (M+). Anal.
alcd. for C17H26O4Si: C, 63.32; H, 8.13. Found: C, 63.1
, 7.94.
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2.11. Dimethyl 3,4-dipropyl-6-n-octyl-o-phthalate (3d)

Pale yellow liquid; IR (cm−1, neat) 2955, 2926, 1731.1H
NMR (CDCl3, 300 MHz)δ 7.42 (s, 1H), 3.81 (s, 3H), 3.78
(s, 3H), 2.44 (m, 8H), 1.50 (m, 2H), 1.20 (m, 12H), 0.95
(m, 6H), 0.82 (m, 3H).13C NMR (CDCl3, 75 MHz)δ 170.5,
168.1, 144.1, 144.0, 140.3, 133.6, 129.5, 129.1, 52.5, 52.3,
32.6, 31.4, 31.0, 29.8, 29.5, 29.3, 25.1, 24.4, 22.8, 22.8, 22.8,
15.0, 15.0, 14.2. Anal. Calcd. for C24H38O4: C 73.81, H 9.81.
Found: C 74.10, H 9.62.

2.12. Dimethyl 3,4-dipentyl-6-n-octyl-o-phthalate (3e)

Pale yellow liquid; IR (cm−1, neat) 2954, 2926, 1732.
1H NMR (CDCl3, 300 MHz) δ 7.58 (s, 1H), 3.85 (s, 3H),
3.78 (s, 3H), 2.54 (m, 8H), 1.50 (m, 2H), 1.20 (m, 12H),
0.95 (m, 6H), 0.82 (m, 3H).13C NMR (CDCl3, 75 MHz) δ

170.5, 166.2, 144.5, 142.3, 138.1, 133.3, 128.6, 124.7, 52.4,
52.3, 33.2, 32.0, 31.5, 29.9, 29.5, 29.4, 25.1, 24.4, 22.8, 22.8,
22.8, 15.0, 15.0, 14.2. Anal. Calcd. for C28H46O4: C 75.29,
H 10.38. Found: C 75.34, H 10.41.

3. Results and discussion
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Table 1
Solvent effects on catalytic [2 + 2 + 2] cycloaddition of three different
alkynes

Run Solvent Yield (%)a

1a 2

1 Toluene 44 24
2 Mesitylene 31 26
3 Cyclohexane 44 28
4 DMF 19 13
5 Pyridine trace trace
6 1,2-Dichloroethane 26 22
7 i-PrOH 4 22
8 n-BuOH 34 20

DMAD (0.20 mmol), 1-decyne (0.40 mmol), 3-hexyne (8.0 mmol),
Cp* RuCl(cod) (0.010 mmol), and solvent (5.0 mL) at 110◦C for 24 h.

a Determined by GLC.

vents such as 1,2-dichloroethane,i-PrOH andn-BuOH gave
1a in 26, 4 and 34% yield, respectively. The reaction was
also conducted without a solvent; however, the yield of1a
was low (19%) and2was formed in 20% yield.

Improvement of the product yield was attained by control-
ling the molar ratio of DMAD/1-decyne/3-hexyne. First, the
ratio of 3-hexyne was varied from 10 to 60 equiv against to
DMAD/1-decyne (fixed as 1/2) (Table 2, runs 1–4). At the
ratio of 1/2/40,1awas formed in 44% yield along with2 in
24% yield. Under the fixed ratio of DMAD/3-hexyne = 1/40,
the amount of 1-decyne was gradually increased (runs 3, 5–8).
The best result was obtained (57%) when the molar ratio was
1/6/40 (run 6). Although the formation of byproduct2 was
supressed by further increment of 1-decyne, the yield of1a
was also decreased (runs 7 and 8).

Under the optimized reaction conditions, Cp* RuCl(cod)-
catalyzed [2 + 2 + 2] cycloaddition of several terminal
alkynes, internal alkynes and DMAD was examined (Eq.
(3), Table 3). Linear alkyl-substituted terminal and inter-
nal alkynes were applicable to afford the corresponding
3,4,5- and 3,4,6-trialkylatedo-phthalates1 and3 in mod-
erate yields. Use of 3-hexyne (R2 = Et) gave1 regioselec-
tivily ( 1:3= 100:0 in runs 1–3), and the ratio was indepen-
dent of the chain length of R1. However, internal alkynes

T
E

R

1
2
3
4
5
6
7
8

D ) at
1

A reaction of DMAD (1.0 equiv), 1-decyne (2.0 equ
nd 3-hexyne (40 equiv) was performed in toluene u
eflux for 24 h in the presence of a catalytic amo
5 mol%) of Cp* RuCl(cod) (Eq.(2)). The reaction proceed
o afford a single regioisomer of three-component c
ling products, dimethyl 3,4-diethyl-5-n-octyl-o-phthalate
a, in 44% yield based on DMAD, along with the form

ion of byproducts such as tetramethyl 5,6-diethyl-1,2,
enzenetetracarboxylate2 and other aromatic compoun
he structure of1awas confirmed by13C inadequate me
urement, in addition to general spectroscopic analysis

(2)

everal solvents were surveyed for the [2 + 2 + 2] cycloaddi-
ion of DMAD, 1-decyne and 3-hexyne at 110◦C for 24 h
Table 1). Hydrocarbon solvents afforded1a in moderate
ields (runs 1–3); especially, cyclohexane was almost c
arable to toluene. On the other hand, polar solvents su
MF and pyridine were not effective (runs 4 and 5). Other
able 2
ffect of molar ratio of DMAD/1-decyne/3-hexyne

un DMAD/1-decyne/3-hexyne Yield (%)a

1a 2

1/2/10 34 18
1/2/20 38 21
1/2/40 44 24
1/2/60 39 26
1/4/40 53 24
1/6/40 57 20
1/8/40 43 9
1/10/40 40 trace

MAD (0.20 mmol), Cp* RuCl(cod) (0.010 mmol), and toluene (5.0 mL
10◦C for 24 h.
a Determined by GLC.
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Table 3
Catalytic [2 + 2 + 2] cycloaddition of several terminal alkynes, internal
alkynes and DMAD

Run R1 R2 Yield (%) (1:3)a

1 n-C6H13 C2H5 48 (100:0)
2 n-C8H17 C2H5 57 (100:0)
3 n-C10H21 C2H5 61 (100:0)
4 n-C8H17 n-C3H7 44 (65:35)
5 n-C8H17 n-C5H11 55 (28:72)
6 Ph C2H5 35 (100:0)b

7 Me3Si C2H5 32 (100:0)b

Terminal alkyne (24 mmol), internal alkyne (160 mmol), DMAD (4.0 mmol),
Cp* RuCl(cod) (0.20 mmol), and toluene (100 mL) at 110◦C for 24 h.

a GLC yields. Ratios of1:3 are in parentheses (determined by1H NMR).
b Isolated yields.

with longer alkyl chains gave a mixture of1 and 3 (runs
4 and 5), and as shown in run 5,3 was predominantly
obtained over1when 6-dodecyne was applied. Phenylacety-
lene and trimethylsilylacetylene were also applicable as ter-
minal alkynes to give the corresponding cocyclotrimers1
regioselectivily in 35 and 32% (runs 6 and 7). In all cases,
the formation of a certain amount of byproducts such as
2 still could not be suppressed.t-Butylacetylene did not
afford the corresponding cotrimers, and instead, 5-t-butyl-
1,2,3,4-benzenetetracarboxylate was obtained as a major
product. Diphenylacetylene and bis(trimethylsilyl)acetylene

in place of dialkylacetylenes did not give the desired
cocyclotrimers.

(3)

Possible reaction mechanisms (paths AandB) are shown in
Schemes 1 and 2. In path A, DMAD and terminal alkyne
coordinate to the ruthenium center ([Ru] = Cp* RuCl) and
subsequent oxidative cyclization gives ruthenacyclopentadi-
ene4 and5. There are two directionsa andb, from which
internal alkyne can insert to a ruthenium–carbon bond in4
and5, respectively. Insertion from the directiona seems to
be more favorable, since the ruthenium–carbon bond bear-
ing an ester group is made stronger by�-back donation from
ruthenium to the�* orbital of α-carbon. Ruthenacyclohep-
t al
Scheme 1. Possible reacti
atrienes6 and7 are formed by the insertion of an intern
on mechanism (path A).
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Scheme 2. Possible reaction mechanism (path B).

alkyne to4 and5, and reductive elimination from6 and7
gives the trialkylatedo-phthalates1 and 3 along with the
regeneration of the catalytically active species. Although the
insertion mechanism seems to be reasonable, Diels–Alder
pathway from4 and5 also can explain the formation of the
products. Recently, the mechanism via biscarbene interme-
diates has been proposed by Yamamoto and co-workers[18],
and Kirchner et al.[19]. While this mechanism is also pos-
sible, we depicted here the present [2 + 2 + 2] cycloaddition
using the classical mechanism because effects of substituents
on acetylenes such as CO2Me groups are not clarified com-
pletely.

An alternative mechanism,path B, is shown inScheme 2.
DMAD and an internal alkyne coordinate to ruthenium and
oxidatively cyclizes to form ruthenacyclopentadiene8 as
a sole intermediate at this stage. There are two directions
c and d, from which the terminal alkyne can insert to a
ruthenium–carbon bond in8. Insertion from the directionc
seems to be more favorable by the same reason described
above. Either ruthenacycloheptatriene9 or 10 is formed
depending on the insertion direction of the terminal alkyne,
and subsequent reductive elimination gives the trialkylated
o-phthalates1 and3 along with the regeneration of the cat-
alytically active species.

It seems to be reasonable to postulate that the initial oxida-
tive cyclization step is almost irreversible, according to the
D er-

ization [18,19]. On the basis of this assumption, the ratio
of metallacycles4 and 5 formed in path A is kinetically
determined and is independent of an internal alkyne. As a
whole, the regioselectivity of products should mainly reflect
the formation ratio of4 to5, which is constant when the same
terminal alkyne is used. However, as clearly shown inTable 3,
the internal alkyne significantly influenced the regioselectiv-
ity of products (runs 2, 4 and 5). This is inconsistent with the
discussion mentioned above. On the other hand, inpath B, the
regioselectivity depends on the insertion direction of a termi-
nal alkyne in8. In this case it is plausible that substituents
on the internal alkyne (R2) influence the regioisomer ratio by
steric hindrance between R1 and R2 at the insertion step, and
thus,path Bcan explain the results shown inTable 3.

4. Conclusion

We have developed a ruthenium-catalyzed formation of
polysubstitutedo-phthalates by chemoselective [2 + 2 + 2]
cycloaddition of three different alkynes. According to our
observation, the present [2 + 2 + 2] cycloaddition would pro-
ceed viapath B, where an internal alkyne reacts with DMAD
first and the insertion of a terminal alkyne into the formed
ruthenacycle intermediate is followed. Although some
improvements are still required, the present methodology
w and
FT calculation of Ru(II)-catalyzed acetylene cyclotrim
 ould contribute to overcome the problem of chemo-
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regio selectivity in the catalytic [2 + 2 + 2] cycloaddition of
different alkynes lying in the long term.
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