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Abstract: Enonesl reacted with two molecules of alkyn@9R = R’ in eq 1) in the presence of a nickel(0)
and aluminum catalytic system to give cyclotrimerization adducts regioselectively. Aluminum phenoxide
(MenAl(OPh)—, (n = 0—3)) functions as a Lewis acid cocatalyst and activateStoichiometric experiments
suggest that the cycloaddition bfand2 proceeds via nickelacyclopentadiene intermediates, which are formed
by the oxidative coupling of Ni(0) species with In addition, the selective cyclotrimerization bfand two
different alkyne® and2' (R = R’ in eq 1) was also accomplished in the presence of a binary metal catalytic
system. The reaction occurs effectively when an alkyl- or aryl-substituted alkyne (alkyne B, 1 ediisvs
added slowly to a mixture of and a bulkier alkyne (alkyne A, 1 equiv \I3 such agert-butylacetylene Zf)

or (trimethylsilyl)acetyleneZg).

Introduction Chart 1

[2 + 2 + 2] Cycloaddition of unsaturated molecules by Rl———R?2
transition metal complexes leads to six-membered cyclic s .
compounds with the formation of three new carbaarbon RA——="R
bonds. Since the first catalytic reaction was reported by Réppe, RS——R® M = tranition metal catalysts
these reactions have been extensively studied by various research
groups? Whereas the intramolecular and partially intermolecular
modes of cyclotrimerization have been used as efficient synthetic R2 I~
methods} many difficulties have been encountered with com- ‘
pletely intermolecular modes. The major problem concerns
controlling the combination of the three different starting
substrates. Chemo- and regioselection leads to a complex
mixture of cycloadducts which severely limit the utility of this
reaction (Chart 1).

In this area, Wakatsuki et al. found that an unsymmetrical addition of o.,8-unsaturated enones with two molecules of

cobaltacyclopentadiene complex, prepared from a cyclopenta-alkynes2 (R = R’ in eq 1). We now describe in detail our studies
dienyl cobalt(l) complex and two different alkynes, reacted with

complex mixture

selective cycloadduct

a third alkyne to give a benzene derivatfM@ecently, Takahashi 0

et al. reported the more efficient formation of benzene deriva- cat. Ni and Al i
tives by the copper(l)-mediated coupling of unsymmetrical ! | + R—= + R—= / ] (1)
zirconacyclopentadienes with a third alkyhélowever, the 2 2 ’\R.
transition metal-promoted cyclotrimerizations of three different 1

molecules are limited to stoichiometric (not catalytic) processes.

In a preliminary reporf, we showed that a binary metallic  on the reaction. In addition, we also report the cyclotrimerization
system of nickel and aluminum effectively catalyzed a cyclo- of 1 and two different alkyneg and2' (R = R’ in eq 1). The

*To whom correspondence should be addressed. Fag1-52-836- reaction is a first example of the catalytic selective cyclotri-
3462. E-mail: ikeshin@phar.nagoya-cu.ac.jp. merization of three different unsaturated molecules.
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Cyclotrimerization of Enones and Alkynes

Scheme 1
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and CHol %
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; 49% yie Bu
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>90% selectivity after isolation

obtained in 48% yield. The addition of phenol (PhOH, ca. 100

mol %) to the reaction medium increased the yield of the

cycloadducts to 86%. The 1:2 addcuts did not react with another
lato give the 2:2 adducts, even under THF reflux conditions.

Moreover, benzenes derived from the cycloaddition of three

molecules of2a were not also detected. Oth&rand 2 could

also be applied to the cyclotrimerization.

Ni(acac), (5 mol %)

0 PPhy (10 mol %) Bu
Me3Al (40 mol %) DA
+ BuU—= ] (2)
THF, 1,2 h N\
2a Bu
1a 1 : 2 adducts
in the absence of PhOH: 48% vyield
in the presence of PhOH (100 mol %): 86% yield
o
0 Bu 0 Bu\
N
S = 8
N \Bu
Bu o)
2 :2 adducts
(0] Et
o o 0 Et
Bu Bu Er Bt
\A] S A]
X X Et Et
Bu Bu Et Et
65% yield 77% yield 69% yield 60% yield

A notable feature is that regioselective cyclotrimerization
occurred in the reaction with terminal alkynesSince the

regiochemistries of the cycloadducts obtained in eq 2 were
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Table 1. Regioselective Cyclotrimerization of Enones and
Alkynest
1) cat. 2]
N)i(:iac)Z/PPhS/MegAl o R Q Q R
/PhOH m ﬁ ? @i;/
+ +
n R "
R R
a b c

P ———

ﬁ + R—==
m
1 2

2) DBU, in air
(1 equiv) (2 equiv)
entry enone 1 alkyne 2 product(s) total yield,” % (ratio of a:b:¢)®
o FE
Et
lan=1 Et—=—Ft 60
2b Et
Et
2 lain=1 R = Bu (2a) 3 71 (3a:3b:3c = 82:14:4)

tain=1 R = 'BuMe,SIO{CH,) (2¢) 42 (5a:5b:5¢ = >99:0:0)

]

1ain=1 R = 'BuMe,SiO(CHy), (2d) 81 (6a:6b:6¢ = 93:7:0)

5 1ib:n=2 2a 7 83 (7a:7b:7c = 91:7:<2)

6 ib:in=2 R = Me (2e)® 8 50 (8a:8b:8¢ = 90:10:0}

7 1e:n=3 2a 9 70 (9a:9b:9¢ = 85:0:15)
8d/ larn=1 R='Bu (2 10 45 (10a:10b:10¢ = 11:89:0)

o tlain=1 R = MesSi (29) 1 33 (11a:11b:11¢ = 0:>99:0)

a All reactions were carried out with the following procedure: a
solution of1 (1.0 mmol),2 (2.0 mmol), Ni(acag)(0.05 mmol), PP
(0.1 mmol), MegAI (1.0 M in hexane, 0.4 mL), and PhOH (1.0 mmol)
in THF (5 mL) was stirred at room temperature for 2 h, followed by
treatment with DBU in air overnight Isolated yield based od.
¢ Determined by integration of the aryl protons #f NMR. ¢ The
reaction was carried out with Ni(acadp.1 mmol), PPk(0.2 mmol),
MezAl (0.8 mmol), and PhOH (2.0 mmol¥.Gaseous material (ca. 25
mmol) was used. The conversion to aromatized compounds was carried
out with 0.2 M NaOH in MeOH instead of DBU.

tion by treatment of the aromatic compounds withsXle zinc
dust, and diiodometharfe.

The results of the cyclotrimerization of a variety band2
and the subsequent aromatization are shown in Table 1. The
reaction ofla with propargyl silyl ether2c gave5a as a sole
product (entry 3). When homopropargy! silyl eth2d was
treated withla, the regioselectivity oba decreased to 93%
(entry 4). Six- and seven-membered cyclic enohkesand 1c
also reacted to providéa (from the reaction with2a, 91%
selectivity (entry 5))8a (from the reaction with gaseous propyne
2e, 90% selectivity (entry 6)), anfa (from the reaction with
2a, 85% selectivity (entry 7)) as major products, respectively.
In entry 6, a commercially availablgc® was not formed. In
contrast to entries-24, 4,7-disubstituted indanoné&®b (89%
selectivity) andl1b (> 99% selectivity) were synthesized from

equivocal by spectroscopic analyses, they were determined aftefN® reaction oflawith tert-butylacetylene2f) and (trimethyl-

aromatization by treatment with 1,8-diazabicyclo[5.4.0Jundec-
7-ene (DBU) in air (Scheme 1). The resulting aromatic
compounds (87% isolated yield based on the cyclohexadienes)
were identified to be a mixture of three different isomers (ratio
= 82:14:4) by'H NMR spectral analyses. One of the minor
products (14% selectivity) was considered to be 4,7-dibutyl-1-
indanone 8b) on the basis of the coupling constadt=€ 8.1

Hz) between two aromatic protons. The major isomer was
determined to be 5,7-dibutyl-1-indanon®e) on the basis of
spectral analyses dfderived from further chemical transforma-

silyl)acetylene 29), respectively (entries 8 and 9).
Consideration of the Reaction Mechanism: (a) Activity

of the Cocatalyst MgAI(OPh);—, (n = 0—3). The cyclo-

addition proceeded effectively in the presence of a nickel and

aluminum catalytic system. A precatalyst Ni(aga€acts with

a portion of the added M@l to be converted into an active

Ni(0) species. The residual M&l functions as a Lewis acid

and activated (1—aluminum complex I—Al)). When PhOH

is added to the reaction medium, a more acidic aluminum

phenoxide species (MAal(OPh)—, (n = 0—2)) is generated

from the reaction with Mg\l in situ (standard method, see Table

(7) For other regioselective cyclic cotrimerization of alkenes and alkynes,
see: Heimbach, P.; Ploner, K.-J.; The, F.Angew. Chem., Int. Ed. Engl.
1971, 10, 276. Chalk, A. JJ. Am. Chem. Sod972 94, 5928. Balaich, G.

J.; Rothwell, I. P.J. Am. Chem. S0d.993 115 1581.

(8) Takai, K.; Hotta, Y.; Oshima, K.; Nozaki, HBull. Chem. Soc. Jpn.
1980 53, 1698.
(9) This compound was purchased from Aldrich Chemical Co., Inc.
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Table 2. Cyclotrimerization ofla and2ain the Presence of
Me,Al(OPh)-, (n = 0—3)2

1) Ni(acac),/DIBALH (1:1) or Ni(cod),
(0.05 mmol), PPh3 (0.1 mmol), and
Me,Al(OPh)3., (0.5 M, in hexane/THF,

1mL)
ia + 2a 3a+3b+3c
2) DBU, in air
1a:2a=1:2
Ni cat. M&AI(OPh)_2  yieldP % (3a:3b:3c)¢
Ni(acac)/DIBALH n=0 57 (74:26:0)
Ni(acac)DIBALH n=1 65 (82:18:0)
Ni(acac)/DIBALH n=2 50 (80:20:0)
Ni(acac)/DIBALH n=3 30 (93:7:0)
Ni(cod), n=1 61 (86:14:0)
cf. standard methdd 71(82:14:4)

a Preparation of MAI(OPh)—, (n = 0—3): to a solution of PhOH
((3-n) mmol) in THF (1 mL) was added Mal (1.0 M in hexane, 1

mL), and then the mixture was stirred at room temperature for 1 h.

b Isolated yield based ofta. ¢ Determined by integration of the aryl
protons of'H NMR. ¢ See Table 1.

Scheme 2
1) MeAI(OPh),
(1 equiv vs. 1a)
5 min
Ni(cod) 2) DBU in air 3a
i(cod), overnight o
1a and PPh, 9 69%
+
25 15min Bu Bug,
+ 2N gy 4 1a
HOAc ]
5 min Bu 12: <10% 82%

1% + unidentified oligomer(s)
derived from 2a

(1a:2a:Ni:PPhs = 1:2:1:2)

1). Therefore, we investigated the effect of MEOPh)_p,
which had been previously prepared from PhOH andAlle

Mori et al.
Scheme 3
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[Ni] = Ni(PPha),, Al= Me,Al(OPh)s_, (n = 0-3)

reasonable to conclude that the cycloadditiofh ahd2 proceeds
via nickelacyclopentadiene intermediatésyhich are formed
by the oxidative coupling of Ni(0) species with

(c) Occurrence of RegioselectionThe occurrence of regio-
selection in this cycloaddition can be explained by considering
the reaction via nickelacyclopentadienes (Scheme 3). The
formation of metallacycles is controlled by electronic and steric
factors. Hoffmann et al. reported that the large lobes of polarized
* of the starting substrates face each other ingkgositions

in this reactiort® The results are shown in Table 2. Compared 0f metallacycles’ An alkyne 2g reacted withlato give 11b

to the results with MgAl (n = 3), the more acidic MAI(OPh);—n,

predominantly (entry 9 in Table 1). Metallacycl&3b is

(n = 0—2) increased the yields of the cycloadducts, although predicted to be a favorable intermediate on the basis of electronic

their regioselectivities were reduced. MeAl(ORPRppears to
mainly function as a cocatalyst in the standard method.
(b) Stoichiometric Experiments.In the cyclotrimerizations

factors (Scheme 3 (a)). On the other hand, the cycloadditions
of alkyl-substituted alkynes such &a and 2c—e with 1
selectively gav88a and5a—9a derived from the corresponding

of 1 and2, there are two possible metallacyclic intermediates, intermediate 14a respectively (entries 27 in Table 1).

i.e., nickelacyclpentadien& and nickelacyclpentené? We

Intermediatel4a would be more reactive thabdb, since the

examined stoichiometric experiments to get insight into the less-hindered:-carbon atom ofi4asmoothly couples with the

reaction mechanism (Scheme 2). A mixturelaf(1 equiv) and

carbon atom in thg-position of1 (Scheme 3 (b)) The reaction

2a (2 equiv) was treated with bis(1,5-cyclooctadiene)nickel(0) With 2f, which has a bulkietert-butyl group, selectively gave
(Ni(cod), 1 equiv) at room temperature for 15 min. Although 10b derived from15b (45% yield for 2 h,10a10b = 11:89,

the reaction mixture was monitored by NMR, no helpful

information regarding intermediates was obtained. Howe3ger,

see entry 8 in Table 1). Interestingly, the regioisomeric ratio
was different from that at the beginning of the reaction, i.e.,

was obtained in 69% yield when the mixture was treated with 11% yield for 5 min,10a10b = 31:69. These results suggest

MeAl(OPh), (1 equiv) and then DBU. In addition, when the

reaction mixture was treated with HOAc instead of MeAl(Ofh)
a small amount of dien&2'314was obtained with a tributyl-

that the final product ratio ofi0a and 10b is governed by
equilibrium betweenl5a and 15b, although 10a was also
produced via more reactivEsain the initial stage (Scheme 3

benzené$ In this reaction3awas not detected and the starting  (€))*°
enonelawas recovered. On the basis of these results, it seems  (14) Eisch et al. reported that tetraphenyl-1,3-butadiene was intercepted

(10) Maruoka, K.; Yamamoto, Hl. Synth. Org. Chem. JpA993 51,
1074 and references therein.

(11) Eisch, J. J.; Damasevitz, G. A.Organomet. Cheni975 96, C19.
Eisch, J. J.; Galle, J. B. Organomet. Cheml975 96, C23. Eisch, J. J.;
Aradi, A. A.; Han, K. |. Tetrahedron Lett1983 24, 2073. Hoberg, H.;
Richter, W.J. Organomet. Chenl98Q 195 355.

(12) Kaschube, W.; Schder, W.; Paoschke, K. R.; Angermund, K.;
Kriger, C.J. Organmet. Chenil99Q 389, 399.

(13) HRMS data ofLl2 C;oHz, (M) Caled, 166.1721; Found, 166.1750.

(5% yield) in the oligomerization of diphenylacetylene by Ni(codee:
Eisch, J. J.; Galle, J. E.; Aradi, A. A.; Boleslawski, M. .Organomet.
Chem.1986 312, 399.

(15) Eapen, K. C.; Tamborski, Q. Org. Chem1988 53, 5564.

(16) It is not clear whether the reaction of the metallacycle with the
activatedla (1a-aluminum complex Xa-Al)) proceeds via the concerted
(Diels—Alder type}b2or the stepwise insertion routé? (a) McAlister, D.

R.; Bercaw, J. E.; Bergman, R. G. Am. Chem. S0d.977, 99, 1666. (b)
See ref 5b.
(17) Stockis, A.; Hoffmann, RJ. Am. Chem. S0d.98Q 102 2952.



Cyclotrimerization of Enones and Alkynes

Selective Cyclotrimerization of Enones with Two Different
Alkynes. Next we investigate a more challenging target, i.e.,
the selective cyclotrimerization of three different starting
substares. An enonga was treated with a mixture of two

ia + 2d + 29

J. Am. Chem. Soc., Vol. 121, No. 12, 28259

Table 3. Cyclotrimerization ofla with 2d and2¢?

cat. Ni(acac), , PPhg,
MesAl, and PhOH

. ) o THF, rt, 2 h
different alkynesz‘_a (2 equiv vslg) and 2d (2_equ|v) in ?he 1a:2d:2g = 1:2:2 '
presence of the nickel and aluminum catalytic system in THF
at room temperature. After the cycloadducts were treated with P o ((QHz)gosi’BuMeg)
DBU in air, the resulting compounds were identified to be a LY DBU R iMeg
mixture of 16 (24% vyield, the regioselectivity was not deter- in air . | ] + 1
mined)!° 3 (16% yield), andé (10% vyield) (eq 3). Thus, the o /\(CHQ)QOSi!BUMeg
" 18 (SiMey)
cat. Ni(acac), , PPhg, 2 iLL' yield > %
MesAl, and PhOH )
1a + 2a + 2d run temp  time,h 6(6a6b) 18(18al8h) 11(1lallb)
THF, 1, 2 h o . .
1a2a:2d = 1:2:2 1 2 42 (93:7)  28(86:14) 0
e 2 -10°C 2 50 (94:6) 15 (86:14) 0
o 3  50°C 2 35(93:7) 29 (81:19) 23 (0:100)
DBU ~,BU(R) - — .
in air | /\] @) aReaction conditions: Ni(acac)X0.1 mmol), PPk (0.2 mmol),
3+ X * 6 MesAl (1.0 M in hexane, 0.7 mL), PhOH (2.0 mmola (1.0 mmol),
16% R(Bu) 10% 2d (2.0 mmol), and2g (2.0 mmol) in THF (5 mmol) under Nand
16:24% followed by treatment with DBU in ait® Isolated yield based oha
R(Bu) if
(R = (CH,),0Si'BuMe,) [ H(BY) o swer) o ey B
A Ni] H H
[Ni] and/or "\ __ ;) and ) s-r9me
== 0Si'BuM H
Bu(R) Bu(R) WY R s (08 BuMe,
17a 17b AP (SiMeg)
18a 18b

. . . . ) NOE cross peaks
cycloadducts were formed in a ratio of 2:1:1, respectively, in

this reaction.

As mentioned above, regioselection is closely related to the
stability and the reactivity of the nickelacyclopentadiene
intermediates. This consideration led us to the conclusion that
the alkynes used in the cycloadditions can be classified into
two groups. One group includes bulkier alkynes sucRfasr

Scheme 4

2g, with which oxidative coupling forms a thermodynamically V4
favored intermediate such 48b or 15b, and the other group SiMes
includes alkyl-substituted alkynes suchasor 2d, with which 2d ﬂ 29
the cycloaddition tends to give a product derived from reactive
14a We investigated the reaction using different alkynes, e.g., SiMe, MesSi SiMe
2d and2g. Whenlawas reacted with a mixture @fd (2 equiv 1a-A/ 8 \\ 31a—AI
vs 1a) and2g (2 equiv), subsequent aromatization gagalong 18a —— [Ni] = [Nl == [Ni] —_ 18b
with 6a. The formation ofllb, which was derived from the = R ‘/<,
reaction ofla with 2g, was completely suppressed (run 1 in 19a "R R 1gp
Table 3). A similar result was obtained atl0 °C (run 2)20
On the other hand, when the reaction was carried out 4C50 2 H 29
all of the cycloadduct$, 11, and18 were obtained (run 3).
The cyclotrimerization olawith 2d and2g can be explained F\
by the following mechanism (Scheme 4). The alkyn@¢sand/ 1a-Al \\ 1a-Al
or 2g combine reversibly to the Ni(0) catalyst to give three ba =~ 142 — NI = 14b —_¢6b
intermediates13, 14 (R = BuMe,SiO(CH,),), and 19. The VA4
reaction of 1a—Al with these intermediates leads to the ) ) R
cycloadducts. When the reaction is carried out under higher _*INil = Ni(PPh);, Al = MeAl(OPhk-n (n = 0-3) R =
(CH,)20SiBuMe,.

temperature, 11b, and18 are all produced. The formation of
11b would result from a shift in the equilibrium to thermody-
namically favored13b. However, the product ratio &, 11,
and 18 is essentially due to the kinetic preferences of the
metallacycle intermediates. Thus, under lower temperatare,

Al reacted rapidly with the most reactiidato give 6a, and
the formation ofllb derived from relatively inertL3b was
completely suppressed.

Since attempts to control the selective formation of the desired
18 failed under a variety of reaction temperatures and times,
we focused on the most reactitda To suppress the formation
of 14ain situ, the concentration dfd in the reaction mixture
should be kept low. To this end, when a THF solutior2df(1
equiv vsla) was added dropwise ov2 h atroom temperature
to a mixture ofla and another alkyn@g (1 equiv vsla), the
desired product8was obtained predominantly (51% yield, see
entry 1 in Table 4). Undesirel and 11b were not detected.
The major isomef8a (86% selectivity) was determined to be
5-[(2-tert-butyldimethylsilyl)oxyethyl]-7-(trimethylsilyl)-1-in-

(18) Wakatsuki, Y.; Nomura, O.; Kitaura, K.; Morokuma, K.; Yamazaki,
H. J. Am. Chem. S0d.983 105, 1907.

(19) HRMS data ofi6: C17H250,Si (M* — Bu) Calcd, 289.1624; Found,
289.1612.

(20) The reaction did not occur at20 °C to give the cycloadducts.
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Table 4. Selective Cycotrimerization of Enones and Two Different
Alkynest

ﬁ + R—=
0 alkyne A

1) cat.

Ni(acac),/PPhy/Me3Al R—=
/PhOH alkyne B
addition of alkyne B (1 equiv)

product(s)

2) DBU, in air
1 (1 equiv}
(1 equiv)
ent enonel1  alkyne A alkyne B addition time  Product
i yR kyR' h yield,? % {regioselectivity,’ %)
o  SiMes
R
1 farn=1 2g:MesSi  2d: ‘BuMe,SiO(CH), 2 18: 51 (18a: 86)
2 fain=1 2g9:MesSi  2a:Bu 2 63 (83)
3 1ain=1 2g9:MesSi  2h:Ph 6 20; 52 (>99)
4¢ fain=1 2g¢:MesSi  2i: p-MeCgHy 4 21: 56 (>99)
5 fain=1 2g: Me,Si 2j: p-MeQCgH, 2 22: 60 (>99)
o Bu
6 tan=1 2f'Bu 2d: BuMe,SIOCHz)e 2 t@\ﬁ
0SiBuMe,
46 (91)
O SiMe,
7 dbin=2  29:MesSi  2d: ‘BuMe,SIO(CH. 6
9 es 2S0(CHa): 0Si'BuMe,
27:59 (>99)
O siMe,

8 fe:n=3 2g:MeySi 2d: ‘BuMe,SiO(CH,),

° Cﬁ@\/\
0Si'BuMe,

28: 56 (>99)

a All reactions were carried out with the following procedure: a
solution of alkyne B (1.0 mmol) in THF (6 mL) was added dropwise
by syringe pump to the mixture df(1.0 mmol), alkyne A (1.0 mmol),
Ni(acac) (0.1 mmol), PPk(0.2 mmol), MeAl (1.0 M in hexane, 0.7
mL), and PhOH (2.0 mmol) in THF (4 mL) at room temperature,
followed by treatment with DBU in air overnight.solated yield based
on 1. ¢ Determined by integration of the aryl protons'BfNMR. ¢ Also
see Table 5% Also see Table 6.

Table 5. Cyclotrimerization ofla with 2g and2h

1) cat. Ni/Al Q Ph
slow addition of 2h A
1a+2g 20 + 11 + | ]
2) DBU in air N
23 Ph
yield, %
addition time 20 11 23
2h 18 0 21
4h 33 0 trace
[ 6h 52 0 0 )

danone, in which the trimethylsilyl group is adjacent to the
carbonyl group, on the basis of spectral analy3es.

We explored the scope of the selective cyclotrimerization of
a variety of enones and two different alkynes with subsequent
aromatization (Table 4). The reaction occurred when an alkyl-
or aryl-substituted alkyne (alkyne B, 1 equiv ¥swas added
slowly to a mixture ofl and a bulkier alkyne such & and2g
(alkyne A, 1 equiv v4l) at room temperature. Aryl-substituted
acetylene®h—j reacted withla and2gto afford cycloadducts
20—22 as sole products, respectively (entries53. When
phenylacetylene2h) was added dropwise ov2 h to amixture
of 1a and 2g, 20 was obtained along with undesir@3 (see

Mori et al.
Table 6. Cyclotrimerization ofla with 2g and 2i

1) cat. Ni/Al Q

slow addition of 2i S \Ar
1a+2g 21+11 + | ]
2) DBU in air X
Ar = CgHaMe-p o N
yield, %
addition time 21 11 24
2h 31 0 trace
(4nh 560 0 )
6 h 24 0 0 + (MesSi)sCgH3 (25)

reaction conditions. Prolonging the duration of addition to 6 h
led to the formation of tris(trimethylsilyl)benzer25j (see Table
6).22 The presence of an electron-releasing group (e-fyle

or p-MeO group) on the arylacetylene tended to reduce the re-
activity of the intermediaté4a(R = p-MeCgH4 or p-MeOGH,),
compared with that of diphenyl-substitutddia (R = Ph).
However, neithep-cyano- nomp-chlorophenylacetylenes gave
corresponding cycloadducts. A biaryl prod@g was synthe-
sized from the reaction with an aryl-substituted internal alkyne
2k (eq 4). When the reaction was carried out with addition over

1) cat. Ni/Al
slow addition (0.5 h) of 2k
pMeCHi—=Me Q SiMes
2k
1la+2g 4)
2) DBU in air CeHqMe-p
H H Me
54% yield 26

(regioselectivity: 93%)
{_} NOE cross peak

2 h, a small amount 025 was also obtained. The alkyr
instead of2g could also be used in the cyclotrimerization (entry
6). The reactions with six- and seven-membered cyclic enones
1bandlcgave27 and28as sole products, respectively (entries

7 and 8).

Conclusion

The reaction ofl with 2 (only 2 equiv vs1) proceeded
smoothly in the presence of nickel(0) species as a transition
metal catalyst and aluminum phenoxide as a Lewis acid catalyst
to give cycloadducts regioselectively. In particular, the first
catalytic cyclotrimerization of three different unsaturated mol-
ecules was accomplished by reactingnd two different alkynes
2 and?' (ratio of the starting materials1:2:2' = 1:1:1). This
reaction should offer a solution to a long-standing problem in
cyclotrimerization.

Experimental Section

General Comments. Unless otherwise noted, materials were
obtained from commercial suppliers and used without further purifica-
tion. THF was distilled from sodium benzophenone ketyl under N
IH and ®C NMR spectra were recorded in CRQising MeSi as
internal standard.

Typical Procedure (Entry 1 in Table 4). To a solution of Ni(acag)

Table 5). This reaction was overcome by an even slower addition (32 mg, 0.1 mmol) and PRIf53 mg, 0.2 mmol) in THF (4 mL) were

(6 h) of 2h (entry 3 in Table 4). The cycloaddu@l was
obtained effectively whemp-methyl-substitute®i was added
over 4 h (entry 4). Undesireg4 was not detected under these

(21) Hoffmann’s group previously predicted that the oxidative coupling
with an alkyl-substituted alkyne arffy would give a metallacycle such as
18aby the electronic factor control, see ref 17.

added MeAl (1.0 M in hexane, 0.8 mL) at 0C under N. After stirring

for 5 min, PhOH (190 mg, 2.0 mmol) was added, and the mixture was
stirred for 5 min. To the resulting dark red solution were adé@gd
(200 mg, 1.0 mmol) andla (84 mg, 1.0 mmol) at 0C. A THF solution

(22) van der Linden, A.; Schaverien, C. J.; Meijboom, N.; Ganter, C;
Orpen, A. G.J. Am. Chem. S0d.995 117, 3008.
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(6 mL) of 2d (185 mg, 1.0 mmol) was added dropwise o2eh by GCI/MS (El, 70 eV)m/z (rel int) 310 (M, 25), 295 (100). Anal. Calcd
syringe pump to the reaction mixture with stirring at room temperature. for C;gH.,0,Si: C, 73.51; H, 7.14. Found: C, 73.53; H, 7.15.

After the addition was completed, the whole mixture was stirred atthe  5-[2-(tert-Butyldimethylsilyl)oxyethyl]-7- tert-butyl-1-indanone (en-
same temperature for an additional 15 min. DBU (350 mg, 2.3 mmol) try 6 in Table 4): 91% regioselectivity; a pale yellow oil; bp 12&

was added to this reaction mixture in air, and this was again stirred at (2 mmHg); R = 0.31 (hexane:AcOEt 14:1); 'H NMR (270 MHz,
room-temperature overnight. Aqueous HCI (0.2 M, 30 mL) was added, CDCl) ¢ —0.03 (s, 6 H), 0.85 (s, 9 H), 1.44 (s, 9 H), 2:62.69 (m,

and stirring was continued for 10 min. The aqueous layer was extracted2 H), 2.86 (t,J = 6.6 Hz, 2 H), 3.03-3.07 (m, 2 H), 3.85 () = 6.6

with ether. The combined organic layer was washed with Nag3d Hz, 2 H), 7.13 (br s, 1 H), 7.17 (br s, 1 H¥®C NMR (67.8 MHz,
then with brine, dried over MgS@or 30 min, filtered, and concentrated ~ CDCly) 6 —5.43, 18.28, 25.62, 25.86, 29.72, 35.66, 37.53, 39.90, 63.93,
in vacuo. The residue was purified by column chromatography on silica 125.19, 126.08, 132.93, 146.37, 151.80, 158.86, 206.13; IR (film) 1705
gel to yield a mixture of aromatic compountiBinvolving two different cm; GC/MS (El, 70 eV)miz (rel int) 346 (M, 0), 289 (M- — Bu,
regioisomers (185 mg, 51%). The structure of the major isoh@er 100). Anal. Calcd for GH340,Si: C, 72.78; H, 9.89. Found: C, 72.69;
(regioselectivity: 86%) was determined by an NOE experiment (see H, 10.18.

text). An analytical sample was obtained by bulb-to-bulb distillation. 4-Methyl-5-(4-methylphenyl)-7-(trimethylsilyl)-1-indanone (26, eq

5-[(2-tert-Butyldimethylsilyl)oxyethyl]-7-(trimethylsilyl)-1-in- 4): 93% regioselectivity: a colorless crystal (MeOH): mp $223°C:
danone (18a, entry 1 in Table 4):86% isomeric purity; a colorless R = 0.37 (hexane:AcOEt 9:1); H NMR (500 MHz, CDC}) 6 0.33
oil; bp 120°C (2 mmHg);R = 0.29 (hexane:AcOEt 14:1);'"H NMR (s, 9 H), 2.25 (s, 3 H), 2.43 (s, 3 H), 2.72t= 5.9 Hz, 2 H), 3.07 (t,
(500 MHz, CDC}) o ~0.03 (s, 6 H), 0.33 (s, O H), 0.85 (s, 9 H). 3 =59 Hz, 2 H), 7.23 (d) = 8.2 Hz, 2 H), 7.27 (t) = 8.2 Hz, 2 H),
2.62-2.67 (m, 2 H), 2.88 (1) = 6.7 Hz, 2 H), 3.083.12 (M, 2 H), 7 42 (5, 1 H)33C NMR (125.7 MHz, CDCJ) 6 —0.92, 15.60, 21.21,

3.05 () =67 Hz, 2H), 7.30 (brs, 1 H), 7.36 (br s, LHIC NMR 55 39 3623 127.42, 128.95, 129.01, 129.65, 133.97, 136.09, 136.44,
(125 MHz, CDCh) 6 —5.46,~1.05, 18.27, 25.82, 25.85, 36.10, 39.86, 137 11 140.24, 155.63, 208.04; IR (disk) 1705 &nGC/MS (EI, 70
64.03,127.89, 135.15, 139.72, 13982,14518, 155.92, 207.46; IR (fllm) eV) m'z (reI int) 204 (M+, 40)' 203 (100) Anal. Calcd for,gH,,0Si:
Me, 23), 305 (100). Anal. Calcd forgH340,Si: C, 66.24; H, 9.45.
Found: C, 66.00; H, 9.52.

5-Butyl-7-(trimethylsilyl)-1-indanone (entry 2 in Table 4): 83%
regioselectivity; a colorless oil; bp 128C (1 mmHg); Rr = 0.40
(hexane:AcOEt= 9:1); *H NMR (270 MHz, CDC}) 6 0.33 (s, 9 H),
0.92-0.98 (m, 3 H), 1.351.45 (m, 2 H), 1.571.70 (m, 2 H), 2.6+
2.70 (m, 4 H), 3.053.11 (m, 2 H), 7.25 (br s, 1 H), 7.33 (br s, 1 H);
13C NMR (67.8 MHz, CDC}) 6 —1.02, 13.89, 22.45, 25.84, 33.50,
36.08, 126.94, 134.39, 139.48, 139.78, 148.75, 156.12, 207.37; IR (film)
1711 cnl; GC/MS (EI, 70 eV)mz (rel int) 260 (MF, 16), 245 (100).
Anal. Calcd for GeH240Si: C, 73.79; H, 9.29. Found: C, 73.97; H,

6-[2-(tert-Butyldimethylsilyl)oxyethyl]-8-(trimethylsilyl)-1-tetral-
one (27, entry 7 in Table 4):>99% regioselectivity; a pale yellow
oil; bp 150°C (2 mmHg);R: = 0.38 (hexane:AcOEt 14:1);'H NMR
(270 MHz, CDC}) 6 —0.03 (s, 6 H), 0.28 (s, 9 H), 0.85 (s, 9 H), 2.11
(quintet,J = 6.3 Hz, 2 H), 2.65 (tJ = 5.9 Hz, 2 H), 2.83 (tJ = 6.8
Hz, 2 H), 2.95 (tJ = 5.9 Hz, 2 H), 3.83 (tJ = 6.8 Hz, 2 H), 7.11 (br
s, 1 H), 7.41 (br s, 1 H)**C NMR (67.8 MHz, CDC}) 6 —5.44, 0.50,
18.28, 23.15, 25.86, 30.69, 39.41, 39.63, 63.95, 130.61, 135.22, 142.95,
143.81, 144.99, 198.76; IR (film) 1682 c GC/MS (El, 70 eV)m/z
(rel int) 376 (M, 0), 361 (M — Me, 97), 319 (100), 229 (23). Anal.
Calcd for GiH3¢0,Sk: C, 66.96; H, 9.63. Found: C, 66.68; H, 9.72.

9.24.

5-Phenyl-7-(trimethylsilyl)-1-indanone (20, entry 3 in Table 4): 7-[(2-tert-Butyldimethylsilyl)oxyethyl]-9-(trimethylsilyl)-1-benzo-
>99% regioselectivity; colorless crystal (MeOH); mp HPL3°C; Ry suberone (28, entry 8 in Table 4)>99% regioselectivity; a colorless
= 0.23 (hexane:AcOE£ 14:1); 'H NMR (270 MHz, CDC}) 6 0.39  Oil bp 150°C (1 mmHg);R = 0.33 (hexane:AcOEt 14:1);"H NMR
(S, 9 H), 2.71 (t,\] = 6.0 Hz, 2 H), 3.20 (t,] = 6.0 Hz, 2 H), 7.4% (270 MHz, CDC!;) o —0.03 (S, 6 H), 0.25 (S, 9 H), 0.85 (S, 9 H),

MHz, CDCk) & —1.00, 26.02, 36.23, 125.86, 127.57, 128.12, 128.91, J = 6.8 Hz, 2 H), 6.98 (br's, 1 H), 7.33 (br s, 1 HJC NMR (67.8

133.17, 140.52, 140.61, 140.68, 145.88, 156.26, 207.49; IR (disk) 1711 MHZ, CDCk) 6 —5.42, 0.37, 18.29, 21.54, 25.23, 25.89, 32.28, 39.45,
om L GC/MS (I, 70 eV)miz (rel int) 280 (M-, 7). 265 (100). Anal. 4153, 64.18, 130.78, 134.42, 138.11, 139.79, 141.35, 143.83, 211.41;

Calcd for GgHaOSi: C, 77.09; H, 7.19. Found: C, 76.85; H, 7.37. R (film) 1682 cnr*; GC/MS (El, 70 eV)nvz (rel int) 390 (M", 0),
5-(4-Methylphenyl)-7-(trimethylsilyl)-1-indanone (21, entry 4 in 375 (M" — Me, 64), 333 (100). Anal. Caled forgHss0,Siz: C, 67.63;

Table 4): >99% regioselectivity; a colorless crystal (MeOH); mp 124 H, 9.80. Found: C, 67.50; H, 9.80.

125°C; R = 0.26 (hexane:AcOEE 14:1);*H NMR (270 MHz, CDC}) 5,7-Diphenyl-1-indanone (23):>99% regioselectivity; a colorless

0 0.37 (s, 9 H), 2.42 (s, 3 H), 2.682.72 (m, 2 H), 3.16:3.21 (m, 2 crystal; mp 148C; R = 0.28 (hexane:AcOEt 3:1)H NMR (400

H), 7.29 (d,J = 8.1 Hz, 2 H), 7.53 (dJ = 8.1 Hz, 2 H), 7.62 (br s, MHz, CDC) 6 2.71-2.75 (m, 2 H), 3.20 () = 6.2 Hz, 2 H), 7.38

1 H), 7.73 (br s, 1 H)$3C NMR (67.8 MHz, CDC}) 6 —1.00, 21.15, 7.51 (m, 9 H), 7.647.67 (m, 3 H)}*C NMR (100 MHz, CDC}) ¢

26.02, 36.21, 125.55, 127.40, 129.65, 132.97, 137.74, 138.13, 140.29,25.44, 37.14, 123.96, 127.47, 127.77, 127.90, 128.38, 128.86, 128.94,

140.50, 145.80, 156.28, 207.46; IR (disk) 1705 €énGC/MS (El, 70 129.35, 131.98, 138.02, 139.92, 141.80, 146.88, 157.13, 205.05; IR

eV) miz (rel int) 294 (M*, 12), 279 (100). Anal. Calcd for H,,0Si: (disk) 1711 cm*; DI/MS (EI, 70 eV)mvz (rel int) 284 (M*, 86), 283

C, 77.50; H, 7.53. Found: C, 77.25; H, 7.65. (100). Anal. Calcd for gH1¢0: C, 88.70; H, 5.67. Found: C, 88.73;
5-(4-Methoxyphenyl)-7-(trimethylsilyl)-1-indanone (22, entry 5 H, 5.88.

in Table 4): >99% regioselectivity; a colorless crystal (MeOH); mp

110-111°C; R = 0.17 (hexane:AcOEt 9:1); 'H NMR (400 MHz, Acknowledgment. This work was supported by Grants-in-
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