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The [3+ 2 + 2] cocyclization of ethyl cyclopropylideneacetatbal and various alkynes proceeded
smoothly in the presence of Ni(codPPh. The cycloheptadiene derivatives were synthesized in highly
selective manners. The unique reactivitylafwas essential for the progress of the reaction. The observed
regioselectivity of the product formation and the mechanism of the reaction are discussed.

Introduction been reported, and some reactions have been applied to the
synthesis of various seven-membered carbocycles including a
Transition metal-catalyzed cycloaddition reactions provided variety of natural products.
efficient pathways for the synthesis of cyclic compouhds.  \we recently studied the substituent effects on the nickel-
Especially, intermolecular cycloaddition is an attractive ap- catalyzed reactions of unsaturated hydrocarbans revealed
proach, since a complicated molecule can be constructed in anat the mode of the reaction changed completely when an

of reactions are available for the synthesis of three- to six-

membered rings, fewer methods have been reported for the 3y gocent examples: (a) Wender, P. A.; Haustedt, L. O.; Lim, J.; Love,
catalytic synthesis of seven-membered carbocycles. The [4 3. A.: williams, T. J.; Yoon, J.-YJ. Am. Chem. So@006 128 6302—

3]2[6 + 212 [3 + 2 + 2], and othet cycloadditions have  6303. (b) Wender, P. A.; Gamber, G. G.; Hubbard, R. D.; Pham, S. M.;
Zhang, L.J. Am. Chem. SoQ005 127, 2836-2837. (c) Wegner, H. A.;
de Meijere, A.; Wender, P. Al. Am. Chem. So@005 127, 6530-6531.

T Tokyo University of Science. (d) Wender, P. A.; Love, J. A.; Williams, T. &ynlett2003 1295-1298.

* Tokushima Bunri University. (e) Wender, P. A.; Pedersen, T. M.; Scanio, M. JJCAm. Chem. Soc.

(1) Reviews: (a) Varela, J. A.; Saa, Chem. Re. 2003 103 3787 2002 124, 15154-15155. For a review, see: (f) Wender, P. A.; Gamber,
3801. (b) Saito, S.; Yamamoto, €hem. Re. 2000 100, 2901-2915. (c) G. G.; Williams, T. InModern Rhodium-Catalyzed Organic Reactions

Yet, L. Chem. Re. 2000 100, 2963-3008. (d) Gevorgyan, V.; Yamamoto, Evans, P. A., Ed.; Wiley-VCH: Weinheim, Germany, 2005; Chapter 13,
Y. J. Organomet. Chenl999 576, 232-247. (e) Lautens, M.; Klute, W.; pp 263-299.

Tam, W.Chem. Re. 1996 96, 49-92. (f) Schore, N. EChem. Re. 1988 (4) (@) Zhao, L.; de Meijere, AAdv. Synth. Catal2006 348 2484
88, 1081-119. 2492. (b) Binger, P.; Brinkmann, A.; WedemannJhem. Ber1983 116,
(2) (a) Davies, H. M. L.; Calvo, R. L.; Townsend, R. J.; Ren, P.; 2920-2930. (c) Binger, P.; Schuchardt, Ghem. Ber198Q 113 1063~
Churchill, R. M. J. Org. Chem200Q 65, 4261-4268. (b) Trost, B. M.; 1071. (d) Binger, P.; Brinkmann, A.; McMeeking, Justus Liebigs Ann.
Schneider, SAngew. Chemlnt. Ed. Engl.1989 28, 213-215. (c) Trost, Chem.1977, 1065-1079.
B. M.; Nanninga, T. N.; Chan, D. M. TOrganometallics1982 1, 1543~ (5) Wender, P. A.; Deschamps, N. M.; Sun,Agew. ChemiInt. Ed.
1545. (d) Trost, B. M.; MacPherson, D. J. Am. Chem. S0d.987, 109, 2006 45, 39573960.
3483-3484. (e) Trost, B. M.; Yamazaki, &Ehem. Lett1994 2245-2248. (6) (a) Battiste, M. A.; Pelphrey, P. M.; Wright, D. IChem. Eur. J.
(f) Trost, B. M.; Marrs, C. M.J. Am. Chem. S0d.993 115, 6636-6645. 2006 12, 3438-3447. (b) Hartung, I. V.; Hoffmann, H. M. RAngew.
(9) Lee, Y. R,; Hwang, J. CEur. J. Org. Chem2005 1568-1577. (h) Chem, Int. Ed. 2004 43, 1934-1949.
Binger, P.; Beh, H. M. Top. Curr. Chem1987, 135 77—151. (i) Binger, (7) Reviews: (a)Modern Organonickel Chemistryfamaru, Y., Ed.;
P.; Schmidt, T. Metal-Catalyzed Cycloadditions of Methylenecyclopropanes. Wiley-VCH: Weinheim, Germany, 2005. (b) Montgomery, Angew.
In Carbocyclic three- and four-membered ring compourtdtsuben-Weyl; Chem, Int. Ed.2004 43, 3890-3908. (c) Ikeda, S.-Acc. Chem. Re200Q
de Meijere, A., Ed.; Thieme: Stuttgart, Germany, 1997; Vol. E 17b, pp 33, 511-519. (d) Jolly, P. W.; Wilke, GThe Organic Chemistry of Nickel
2217-2294. Academic Press: New York, 1975.
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example, the nickel-catalyzed reaction of alkylallenes resulted TABLE 1. Screening of the Reaction Conditions and Ligands for
in the formation of a complex mixture of dimers, trimers, and the Nickel-Catalyzed [3+ 2 + 2] Cocyclization of 1a and 2

oligomers? while the selective [2+ 2] cyclodimerization was

observed when an electron-deficient allene was used as the

substraté? Ethyl cyclopropylideneacetatd €),'* an electron-

deficient methylenecyclopropane, was more reactive compared
to alkylidenecyclopropanes and the dimerization proceeded

smoothly in the presence of Ni(0) cataly&sVe also examined
the reactions of electron-deficient methylenecyclopropanes with
unsaturated hydrocarbons. Though theH{3] cycloaddition

was generally observed when the reaction of methylenecyclo-
propanes with alkenes or alkynes was carried out in the presence

of a Ni or a Pd catalyst?i13 the selective formation of

cycloheptadienes was observed when the reaction of an electron-_éntry

deficient methylenecyclopropane with alkynes was carried out
in the presence of Ni(coghPPh.* In this paper, we describe
the details and mechanistic aspects of this newt-[2 + 2]
cocyclization reaction.

Results and Discussion

Screening of the Reaction Conditions for the [3+ 2 + 2]
Cocyclization. The results of the screening of the reaction
conditions and ligands for the [8 2 + 2] cocyclization reaction
are summarized in Table 1. Slow addition of a solution of ethyl
cyclopropylideneacetatd ) and trimethylsilylacetylene2g, 5
equiv) to a solution of Ni(cod)(10 mol %) and PPH(20 mol
%) in toluene at rt afforded the [3- 2 + 2] cocyclization
product3ain 70% yield (entry 1, Table 1). The slow addition
of both 1a and 2a and the use of an excess (5 equiv)aaf
were necessary to obtaBa in good yield!42 The yield of3a

remained essentially unchanged when the reaction was carried

out at 15 mmol scale (entry 2). When the reaction was carried
out in the presence of a smaller amount of Ni(ccat)d PPB,
compound3a was isolated in low yield (entry 3). The yield of
3aalso decreased with the addition of a larger amount (40 mol
%) or a smaller amount (10 mol %) of PPentries 4 and 5).
The yield of3awas low when the catalyst was prepared in situ
from Ni(PPh).Br, and Zn dusf (entry 6), while an acceptable
yield of 3a was observed when the Ni(PPBro—Zn—PPh
system>2was used (entry 7). The produ&aj was isolated in
46% yield when Rg¢-tol); was selected as the phosphine ligand

(8) (a) Saito, SYakugaku Zassl#005 125 771-785. (b) Saito, SChem.
Pharm. Bull.2005 53, 1069-1076.

(9) Pasto, D. J.; Huang, N.; Eigenbrot, C. W.Am. Chem. S0d.985
107, 3160-3172.

(10) Saito, S.; Hirayama, K.; Kabuto, C.; Yamamoto,JY Am. Chem.
Soc.2000 122 10776-10780.

(11) (a) Kortmann, 1.; Westermann, Bynthesisl995 931-933. (b)
Limbach, M.; Dalai, S.; de Meijere, AAdv. Synth. Catal2004 346, 760—
766.

(12) Kawasaki, T.; Saito, S.; Yamamoto, ¥. Org. Chem2002, 67,
4911-4915.

(13) (a) Dzhemilev, U. M.; Khusnutdinov, R. I.; Tolstikov, G. A.
Organomet. Chem1991, 409, 15-65. (b) Nakamura, |.; Yamamoto, Y.
Adv. Synth. Catal.2002 344, 111-129. (c) Rubin, M.; Rubina, M.;
Gevorgyan, VChem. Re. 2007, 107, 3117-3179. (d) For a recent example,
see: Binger, P.; Wedemann, P.; Kozhushkov, S. I.; de Meijer&uA. J.
Org. Chem.1998 113-119.

(14) (a) Saito, S.; Masuda, M.; Komagawa, JSAm. Chem. So2004
126, 10540-10541. (b) Komagawa, S.; Saito, Sngew. Chem.nt. Ed.
2006 45, 2446-2449. (c) Saito, S.; Takeuchi, Reetrahedron Lett2007,
48, 595-598. (d) Maeda, K.; Saito, Setrahedron Lett2007, 48, 3173~
3176.

(15) (a) lyoda, M.; Tanaka, S.; Otani, H.; Nose, M.; Oda, M.Am.
Chem. Soc1988 110 8494-500. (b) Tolman, C. A.; Seidel, W. C.;
Gerlach, D. HJ. Am. Chem. S0d.972 94, 2669-2676.

COOEt

K

1a (1 mmol)

+  MesSi—=

2a (5 mmol)

COOEt
Ni(cod), (10 mol %)

ligand

toluene (1 mL), SiMes
dropwise addition of
1and 2awithin5hatrt  MesSi 3a
amount time 3a
ligand (mol %) (h)P (% yieldy
1 PPh 20 14.5 70
2d PPh 20 42 72
3 PPh e 61 21
4 PPh 10 21 48
5 PPh 40 14 59
6 PPh 20 23 8
79 PPh 40 19.5 56
8 P(-tol)3 20 19 46
9 PEg 20 39 18
10 P¢-Bu)s 20 375 0
11 P(-Bu)s 20 24+ 43 12
12 PCy 20 43 2
13 P(OPHhy 20 42 14
14 P(GFs)s 20 25+ 19 9y
15 TOPP 10 22+ 20 17
16 dppe 10 43 20
17 dppf 10 22 13
18 none 48 0
19 PPR¢ 20 17.5 57
20 PPH 20 9.5 a7
21 PPRM 20 19 70
22 PPR" 20 20 62
23 PPR° 20 20.5 66
4 PPRP 20 19 65
5 PPR 20 215 52
26 PPR 20 26 18
27 PPRs 20 18.5 i
28 PPht 20 26 i

a8 Reaction conditions: to a mixture of Ni(ced)0.1 mmol) and ligand
in toluene (0.5 mL) was added dropwise a solutiodaf{l mmol) and2a
(5 mmol) in toluene (0.5 mL) at rt withi 5 h under Ar.> After dropwise
addition of 1a and 2a, the reaction mixture was stirred for the specified
period. ¢ Isolated yieldsd The reaction was carried out on a 15 mnbd)(
scale.® The reaction was carried out in the presence of Ni(e@p5 mmol)
and PPk (0.10 mmol).f The catalyst was prepared by mixing Ni(RRBr»
(0.1 mmol) and Zn dust (1 mmol) in toluene (0.5 mE)The catalyst was
prepared by mixing Ni(PRjpBr; (0.1 mmol), PPk (0.2 mmol), and Zn
dust (1 mmol) in toluene (0.5 mLY.After being stirred at rt, the reaction
mixture was heated (5TC) for the specified period.An inseparable mixture
of isomers was isolated TOPP = tri-o-biphenyl phosphitek A smaller
amount of2a (3 mmol) was used.Addition of a solution ofla and 2a
within 10 h.™ Addition of a solution ofla and 2a within 3 h. " Addition
of a solution of 1a and 2a at once? Reaction performed in MeCN.
P Reaction performed in THF. Reaction performed in etherReaction
performed in CHCI,. s Reaction performed in DMF.Reaction performed
in DMSO.

(entry 8). On the other hand, the isolated yield3afwas low
when other readily available phosphine ligands such as, PEt
P(OPh}, and P(GFs); were used (entries-914). When the
reaction was carried out in the presence of a highly sterically
demanding ligand (tre-biphenyl phosphite, TOPP§ the yield

of 3adid not improve (entry 15). A couple of bidentate ligands
were also tested but the results were negative (entries 16 and

(16) TOPP was an efficient ligand for the nickel-catalyzed-{43]
cycloaddition ofla and 1,3-dienes. See ref 14c.
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TABLE 2. Nickel Catalyzed [3+ 2 + 2] Cocyclization of 1a and
Terminal Alkynes (2)

COOEt

£ + R———H

1a (1 mmol) 2 (5 mmol)
Ni(cod), (10 mol %) COOEt

PPhj (20 mol %)
toluene, rt R

dropwise addition

of 1a and the alkyne (2) R H 3

(conditions A)
entry compound R yield of 3
(%)
1 2a (CH3);Si 70
2 2b (CH3);C 89
3 2¢ HO(CH3),C 56
4 2d P, 53
Oon

5 2e BnMe,Si 47
6 2f Ph 74
7 2g 4-MeOC¢Hy 72
8 2h 4-FCgHa4 59¢
9 2i EtOO0C b
10 2j n-CgHy3 b

aThe formation of a small amount of isomers was obserfeh

inseparable mixture of cycloheptadiene derivatives, along with benzene

derivatives, was isolated.

17). The reaction did not proceed in the absence of the

phosphine ligand (entry 18). On the basis of these results, we

selected Ni(cod)-2PPh as the best catalyst for this reaction.

We also examined the reaction conditions and solvent effect

on the yield of3a. The reaction proceeded smoothly aBal
was isolated in good yield when the reaction was carried out in
toluene and a solution dfa and?2a (5 equiv) was added for 5

h (entry 1). On the other hand, the yield2d decreased when

a smaller amount oRa (3 equiv) was used (entry 19). The
relationship between the addition time of a solution of the
starting materials and the yield 8 was also examined. When

a solution ofla and2awas added over a longer period (10 h)
or at once, the yield o8a decreased (entries 20 and 22). On
the other hand, the yield &adid not decrease when a solution
of 1a and 2a was added witli 3 h (entry 21). The reaction
was performed in various solvents, and acetonitrile and THF

Saito et al.

TABLE 3. Nickel-Catalyzed [3+ 2 + 2] Cocyclization of 1a and
Internal Alkynes (2n—r)2

COOEt
£ + R———R
1a (1 mmol) 2 (3 mmol)
Ni(cod), (10 mol%) COOEt
PPh3 (20 mol%)
toluene, 50 °C R
dropwise addition
of laand 2 R R 3
entry compd R yield 08 (%)
1 2n COOEt 71
2 20 COOMe 66
3 2p Ph 39
4 Zq n-C3H7 21°
5 2r n-CgH13 23

a2To a mixture of the Ni catalyst an2lin toluene was added dropwise
a solution oflain toluene for 5 h? The formation of a small amount of an
isomer was observed.

smoothly and the producBk) was isolated in 89% yield (entry

2). The yields of the corresponding cycloheptadienes were
moderate when bulky propargyl alcohols sucl2gd were used

as the substrates (entries 3 and 4). Though the reaction of benzyl-
(ethynyl)dimethylsilane Ze) with 1a proceeded, the yield of

the product was low (entry 5).

We also found that arylacetylenes were good substrates for
this reaction. The reaction @awith phenylacetylenef) gave
the corresponding cycloaddu@f) in 74% vyield (entry 6). The
substituent effects on the reaction were examined and the result
of the reaction of 4-methoxyphenylacetyler2g)(was compa-
rable to that oRf (entry 7). Fortunately, the produdg gave a
good single crystal, and the result of an X-ray crystallographic
analysid’ is illustrated in Figure S1 in the Supporting Informa-
tion. It is noteworthy that ther systems of the cycloheptadiene
and exomethylene moiety are nearly coplanar. A small dihedral
angle within the aliphatie-CH,CH,— moiety of the cyclohep-
tadiene ring was observed, indicating the existence of torsional
strain.

The formation of an isomeric cycloheptadiene was observed
when an electron-withdrawing group was introduced to the
aromatic ring (entry 8). The selectivity of the reaction was lost
and the formation of isomers was observed when the reaction
of 1a with ethyl propiolate 2i) or 1-octyne 2j) was carried
out (entries 9 and 10). Though none of the isomeric compounds
from these reactions could be isolated, isolation of the isomers
was successful when the reactionlaf was carried out with
4-(trifluoromethyl)phenylacetylen&k), n-perfluorooctylacety-

turned out to be good solvents for this reaction (entries 23 and '€ne @l), or propargyl alcoholZm). Thus, compoungk and a

24). The yield of3a decreased when the reaction was carried
out in ether or CHCI; (entries 25 and 26). Though the reaction
proceeded smoothly in dipolar aprotic solvents such as DMF

small amount o#4 were isolated in the reaction @k (eq 1).
The result indicates that the selectivity of the reaction was
controlled by the electronic factor as well as the steric factor.

or DMSO, the formation of inseparable isomers was observed The importance of the substituent effects on the selectivity was

(entries 27 and 28).

[38 + 2 + 2] Cocyclization of Ethyl Cyclopropylideneac-
etate and Terminal Alkynes.The reactions ofawith a series
of terminal alkynes Z) were examined and the results are

summarized in Table 2. The reaction proceeded in a highly

selective manner and the cycloheptadier@swere isolated
when bulky terminal alkynes were used. For example, the
reaction of 1a with 3,3-dimethyl-1-butyne 3b) proceeded

9116 J. Org. Chem.Vol. 72, No. 24, 2007

further demonstrated by the reaction of a highly fluorinated
alkyne. Thus, the reaction @awith n-perfluorooctylacetylene
(21) gave the cycloheptadierieas a single isomer in 60% yield
(eq 2). On the other hand, the reactionlafwith 2m gave6,
together with a small amount &&m (eq 3). The result may
indicate the reduced selectivity and the higher reactivity of the

(17) See the Supporting Information for the details.
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COOEt Ni(cod), (10 mol %)
PPh3 (20 mol %)
+ 4-CFCgHy—= ———
conditions A
1a (1 mmol) 2k (5 mmol)
COOEt
4-CFaCqH, *
4-CF3CgH, 3k (85%, based on )
NMR analysis)
o )
COOEt (72%, isolated yield)
4-CF3CgHy 4-CF3CgH,
4 (12%, based on
NMR analysis)
Et Ni(cod), (10 mol %)
coo PPh; (20 mol %)
+ nCeFy— —m8
conditions A
1a (1 mmol) 21 (3 mmol)
COOEt
@)
n-CgFy7 n-CgFy7
5 (60%)
COOEt Ni(cod), (10 mol %)
PPhg (20 mol %)
+ HOCH,—==
conditions A
1a (1 mmol) 2m (5 mmol)
COOEt COOEt
CHoH * ®
HOCH, HOCH, CH,OH

6 (58%, based on
NMR analysis)
(45%, isolated yield)

3m (13%, based on
NMR analysis)

+ isomers

corresponding nickelacyclopentadiene intermediate (vide infra).
We assume that similar isomers were formed in the reaction of
alkynes2i,j.

[3 + 2 + 2] Cocyclization of Ethyl Cyclopropylideneac-
etate (1a) and Internal Alkynes.The results of the reactions
of lawith a series of internal alkyne&i{—r) are summarized
in Table 3. Compared to terminal alkynes, the reactivity of the
internal alkynes was generally low. The products were isolated
in best yields when the reaction was carried out atG@&nd 3
equiv of the alkyne was employed. The reactionlafwith
diethyl acetylenedicarboxylateif), as well as dimethyl acety-
lenedicarboxylate20), gave the cycloheptadiene derivatives in
good yields (entries 1 and 2). On the other hand, the yields of

the products decreased when other alkynes such as dipheny-

lacetylene 2p), 4-octyne 2q), or 7-tetradecyne2f) were used
(entries 3-5). The [3+ 2 + 2] cocyclization of unsymmetric
internal alkynes such as ethyl but-2-yno&2e) @ave a mixture
of the isomeric cycloheptadienes (eq 4). The major isor3gr (
was isolated, and the structure was determined by NOESY
experiments. The reactions of internal alkynes with a bulky
substituent (e.g., 1-trimethylsilyl-1-octyne) did not proceed.

JOC Article

COOEt Ni(cod), (10 mol %)
PPhg (20 mol %)
+ EtOOC——=
conditions A

1a (1 mmol) 2s (3 mmol)

COOEt

CooEt t @ isomer (4)

EtOOC 3s

(3: 1, total yield 52%)

[3 + 2 + 2] Cocyclization of 1-Cyclopropylidene-2-
propanone (1b) and Alkynes.To examine the scope of the [3
+ 2 + 2] cocyclization, the reactions of 1-cyclopropylidene-
2-propanonglb) with alkynes were examined. The results are
shown in eqs 57. The [3+ 2 + 2] cocyclization oflb with
phenylacetylene 2f) proceeded well, and compourd was
isolated in 65% vyield (eq 5). It is assumed that the product

COMe  Ni(cod), (10 mol %) COMe
PPh; (20 mol %)
+ . ()
(5 mmol) ;ongitions A Ph
1b (1 mmol)
Ph 7 (65%)
COMe
Ph
Ph 8
Ni(cod), (10 mol %)
PPh; (20 mol %)
ib + 2a ———
(1 mmol) (5 mmol) conditions A
COMe
MeCO
SiMe3 SiMe;
Me;Si 9 (32%) 10 (33%)
COMe
SiMe, ©
MesSi 11 (trace)

Ni(cod), (10 mol %)

P OQ (10 mol %)

Ph 3
1ib + 2a
(1 mmol) (5 mmol) conditions A
COMe
SiMe3 Y
Me;Si
1.(21%)

was formed by a rapid isomerization of the corresponding
cycloheptadien8, which would be formed as the initial product.
A more complicated result was obtained when the reaction of

J. Org. ChemVol. 72, No. 24, 2007 9117
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SCHEME 1 SCHEME 2
R slow, or
2 ||| Ni no reaction
R Me3SiUSiMe3 ——
\/
3 Ni(Q) e I‘I--Ni--||| 7 15
& \ e Ty COOEt
Ni(0) + . 1
EWG \N'/ SiMe, *
i Ni MeySi —> -—
Ni §_'/7/R €39l g " SiMes
N\ /™R 2 || Megsi 16 osi
R R 12 Ni
14 . i
N/
rearrangement ‘ ) 17
EWG MesSi SiMe3

B lo
< Ni
reductive ' /R EWG SCHEME 3
elimination D= ; N
13

EWG 18 COOEt
1a
R . .
Ni(0) + Ni R
R 11 (EWG = COMe, R = Me;,Si) R — M R
19
R

2 R,
1b with trimethylsilylacetyleneZa) was carried out. Thus, the |h . ' 1a COOEt
formation of a [3+ 2] cycloadductlO and a trace amount of a Ni
[2 + 2 + 2] cycloadductl], along with the expected [3 2 + S\_/Z -
2] cycloadduct9, was observed (eq 6). Compoudd was R R 2
isolated in 21% yield when the reaction was carried out in the R = alkyl group R R

presence of Ni(cod>TOPP (trio-biphenylyl phosphite) (eq
7).1618 The formation of11 as a product in these reactions SCHEME 4

suggests that the reaction proceeds via the insertion ofthe C COOEt
C double bond of the methylenecyclopropane to the nickelacycle f o N o 1a
(V|I(\JI/Ie infra). _ . _ /1U e .
echanistic Consideration of the [3+ 2 + 2] Cocycliza- P 5 enhanced
tion. The selective formation of seven-membered carbocycles Ni(0) + : reactivity (?) 5
in many examples is the most interesting feature of the reaction. RO §_/7/Rf e
On the basis of the results of the reactions and the observed 5 |‘|1 . 22
f

isomeric byproducts, a possible catalytic pathway is outlined _
in Scheme 1 (phosphine ligands are omitted for clarity). The s W e
formation and reaction of the nickelacyclopentadiene and the

. . : = 23
ring expansion reaction would be the characteristics of the Ri Ry

reaction. R = perfluorooctyl group
The reaction is initiated by the interaction of the NK®Py
complex, which is generated by the reaction of Ni(goahd substituents. When trimethylsilylacetylerga) was selected as

PPh, with alkynes. The Ni-alkynes complex further reacts  the alkyne, the selective formation 8& was observed. The

to give the nickelacyclopentadier®, which is postulated as  result indicated that the reaction of the Ni(0) species \2#h

an intermediate for various catalytic reactidigThe ratio and gives 16 selectively, and/or the reactivity oi6 is higher

the reactivity of the complex would play an important role for compared to that of other isomers (Scheme 2). On the basis of

the overall selectivity. The results of the reaction of various the analysis of the* orbital of 2a, the most stable isomer would

alkynes indicated that the selectivity of the reaction was be 152° In fact, lkeda and co-workers proposed that a Ni

controlled by the steric factors as well as the electronic factors complex similar tol5 is a reactive intermediate of the {2 2

of the substituents. + 2] cocyclization of enone with alkyné% However, they also
When terminal alkynes react with the Ni(0) complex, three mentioned that an intermediate similar 16 is a kine_tically

possible isomeric nickelacyclopentadienes may be postulatedfavored product, based on the observed relationship between

as the intermediates (Schemes4 phosphine ligands are the reaction time apd isomer ratio of the products. The fprmatlon

omitted for clarity). The ratio and the reactivity of the isomers ©Of 16 would be kinetically favored because the antiparallel

are controlled by the steric as well as electronic nature of the alignment of 2a is more stable due to the steric reason.
Furthermore, the reactivity df6 must be higher because one

of the Ni—C bonds is less sterically congested. Compoliad

(18) A similar spiro compound was isolated in the reactioriafvith

1,3-dienes. See ref 14c. is a sterically congested alkene, and it is assumedliegacts
(19) Examples: (a) Mori, N.; Ikeda, S.-i.; Sato, ¥.Am. Chem. Soc.  selectively with the less sterically congested—di bond, as
1999121, 2722-2727. (b) Chalk, A. JJ. Am. Chem. Sod972 94, 5928~ indicated in Schemes 1 and 2. On the other hand, the reaction

5929. (c) Heimbach, P.; Ploner, K. J.; ThoemelARgew. ChemInt. Ed.
Engl. 1971, 10, 276-277. (d) Balaich, G. J.; Rothwell, I. R1. Am. Chem.
Soc.1993 115 1581-1583. (e) lkeda, S.-i.; Mori, N.; Sato, Y0. Am. (20) Stockis, A.; Hoffmann, RJ. Am. Chem. Sod98Q 102 2952-
Chem. Soc1997, 119, 4779-4780. 2962.
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of Ni(0) species with less sterically congested alkynes usually SCHEME 5
gives a mixture of nickelacyclopentadienes, which have similar
reactivities. Consequently, a mixture of isomeric products was

generally isolated (Scheme 3). Though we could not separate EWG R
the isomers in most reactions, we assume that the isomer 3 Ni(0) A X_Ni__
distributions would be similar to those observed in the reaction W

of propargyl alcohol (eq 3). The observed selectivity of the EWG
product would be explained in terms of the formation1&f

and20 as the intermediates. Considering the electronic factor, /
the formation of 20 would be favored. The concomitant
formation of 19 could be explained in terms of the steric R 14
repulsion between the substituents.

The result of the reaction dfawith perfluorooctylacetylene
(21) was exceptional, and the result indicated that both substit-
uents occupied thet position of the nickelacyclopentadiene
intermediate (Scheme 4). The analysis of #ieéViO indicated
that the intermediat21 would be thermodynamically statig2:

Itis assumed that the intermedi&tkis also a kinetically favored
intermediate because the parallel alignmer@la$ more stable  reactivity of 1b compared td.a might induce the formation of
due to the smaller steric interaction between the two perfluo- the nickelacyclopentene. Alternatively, the insertion of the Ni-
rooctyl groups. The isome2l was formed predominantly and  (0) species to the strained<C single bond of the reactivib
further reacts withla The reactivity of21 might be enhanced  and the insertion oa might take placé®12

by the introduction of a perfluoroalkyl group. An alternative mechanism of this reaction is shown in Scheme

The next step of the reaction is the insertionlointo the 5. Thus, the formation of a nickelacyclopenterd)( may
nickelacyclopentadiene. It is assumed that this insertioh of proceed, the insertion of the second alkyne follows, and
occurs into the less sterically encumbered-Bibond. Though compoundl3 is formed. The mechanism shown in Scheme 5
the possibility of the direct insertion of the strained-C o is less likely, because the rearrangemen2éfshould occur
bond of 1 into the Ni-C bond of the metallacycle cannot easily to give25, and the cyclopentene derivative suchlfs
completely be exclude®#,it is more likely that the insertion of ~ would be isolated as the major product (eq 8). In fact, a series
the C=C double bond into the NiC bond occurred. The N

I

selective insertion ola, instead of2a, to 13 is controlled b ewa— N _R R
a, a, Yy 3_/7/ JL, |
24

24

rearrangement
EWG

B lo R
<~—"Ni |
reductive "N\ /TR ||
elimination
13

R

1

the slow addition of the substrates to the solution of the
catalyst: the concentration of the uncoordinated alkyne was kept

low (Scheme 1). Considering the polarity of the-NG bond, 25 EWG
the anionic carbon atom would be connected to the electrophilic 10 ®)
carbon atom of the enoate. The isolation of the six-membered
spiro compound.1in the reaction ofLlb with 2ain the presence (R = MegSi,
EWG = COMe)

of TOPP provides indirect evidence for the formation of the
seven-membered metallacydd: the reductive elimination of
the Ni(0) species froml3 would provide 11, whereas the
cyclopropylmethyl to butenyl rearrangem&t of 13 followed

by the reductive elimination of a Ni(0) species would give the
cycloheptadien@ (Scheme 1). The bulky TOPP ligand would
accelerate the reductive elimination and the spiro compound
11 would be generated preferentially. In the rearrangement of
13, thes-transconformation of the C(EWG)C(a)—C(5)—C(y)

bond would be p_referred, and as a result Enisomer would would be the predominant intermediate because of the electronic
be formed selgctlvely (Sgheme D). . effect of the substituent. The observed product Wawhich

In the reaction oflb with 2a, the formation of the cyclo-  \yoyid not be generated by the reaction26fwith the alkyne
pentenelO was observed (eq 5). Unlike other reactions, this (Scheme 6%5 On the other hand, the observed selectivity of
one might proceed via the formation of a nickelacyclopentene the reaction of! could be easily explained by the mechanism
by the reaction oflb, 2a, and the Ni(0) species. The higher ,stylated in Scheme 1 and the consideration of the structure
of the nickelacyclopentadiene intermediate (Scheme 4).

of [3 + 2] cycloaddition reactions is reported in the literature.
2hi131f the nickelacyclopentene?d) is formed by the reaction

of 1la with trimethylsilylacetylene Za), the insertion of2a to

the nickelacyclopentene would be very slow (or completely
inhibited) because of the large steric hindrance of the trimeth-
ylsilyl group. Furthermore, it is quite difficult to explain the
formation of5 by the reaction ofawith perfluorooctylacetylene
(21, eq 2). In this reaction, the nickelacyclopent@tgnot 28)

(21) Marakchi, K.; Kabbaj, O. K.; Komiha, NI. Fluorine Chem2002

114, 81—-89.
(22) (a) Neidlein, R.; Rufinska, A.; Schwager, H.; Wilke, Bngew. Summary
Chem, Int. Ed. Engl.1986 25, 640-642. (b) Mynott, R.; Neidlein, R.; . o
Schwager, H.; Wil%e, GAngew. Chem.mg )Ed.yEngl.lQSG 25, 367— The intermolecular [3+ 2 + 2] cocyclization of ethyl

368. (c) Kriger, C.; Laakmann, K.; Schroth, G.; Schwager, H.; Wilke, G. cyclopropylideneacetate and various alkynes was developed. On
Chem. Ber1987, 120, 471-475. (d) Schwager, H.; Spyroudis, S.; Vollhardt,  the basis of the results of the reactions and the observed

K. é'ggg?h;r§a£9%§;|§hﬁﬁgeg :anZ Flgﬁgéooé er1983 116 1-10 byproducts, the mechanism and the selectivity of the reaction
(24) A reaction that involves a similar rearrangement has been recently
reported. See: Murakami, M.; Ashida, S.; MatsudaJ.TAm. Chem. Soc. (25) It is also difficult to explain the formation of the isomer in the

2006 128 2166-2167. reaction ofla with 2k (eq 1).
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SCHEME 6
COOEt

Et00C N‘/ n-CgF1r Ni
%/_7/26 N/ n-CgFi7

expected predominant n-CgFy7
isomer
COOEt

(g n'CaF1 7
27
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COOEt
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9xpected minor 2
isomer COOEt
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n-CgF17 n-CgFy7
5 isolated

Saito et al.

Experimental Section

Nickel(0)-Catalyzed Cocyclization of Ethyl Cyclopropylide-
neacetate (1a) and Alkynes: A Representative Procedur@o a
dark red mixture of Ni(cod)(27.5 mg, 0.1 mmol) and PRI52.5
mg, 0.2 mmol) in anhydrous toluene (0.5 mL) was added dropwise
a solution ofla (124 mg, 0.98 mmol) an@ (5 mmol) in anhydrous
toluene (0.5 mL) at room temperature withb h under Ar. The
progress of the reaction was monitored by TLC and GC-MS, and
the mixture was stirred until the starting matefialhad disappeared
(overnight). The mixture was passed through a short silica gel (or
alumina) column eluting with ether. Evaporation of the solvent gave
an oil, which was further purified by silica gel column chroma-
tography to gives.

(E)-1-Ethoxycarbonylmethylene-3,5-bis(trimethylsilyl)-2,4-cy-
cloheptadiene (3a)The product was purified by silica gel column
chromatography (hexane/AcOEt 20:1): 222 mg (70% yield); yellow
oil; 'H NMR (300 MHz, CDC}) 6 6.44 (s, 1H), 6.29 (s, 1H), 5.65
(s, 1H), 4.13 (qJ = 7.1 Hz, 2H), 3.0%3.02 (m, 2H), 2.29-2.25
(m, 2H), 1.25 (tJ = 7.1 Hz, 3H), 0.12 (s, 9H), 0.09 (s, 9H¥C
NMR (75 MHz, CDCE) ¢ 167.1, 159.4, 151.1, 147.8, 141.1, 135.1,
117.0, 59.7, 32.0, 27.8, 14.3;1.7, —2.2; IR (neat) 3896, 3782,
3734, 2954, 2900, 1705, 1597, 1442, 1404, 1257, 1211, 1157, 1087,
1041, 833, 748, 694 cm. HR-MS calcd for G;H300,Si» 322.1785,
found 322.1771.
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