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Abstract: The GaCls-catalyzed [4+1] cycloaddition reactions of a,3-unsaturated ketones with isocyanides
leading to lactone derivatives are described. While some other Lewis acids also show catalytic activity,
GaCl; was the most efficient catalyst. The reaction is significantly affected by the structure of both the
isocyanides and the o,8-unsaturated ketones. Aromatic isocyanides, especially sterically demanding ones
and those bearing an electron-withdrawing group, can be used, but aliphatic isocyanides cannot. The
bulkiness of substituents at the -position of acyclic a,3-unsaturated ketones is an important factor for the
reaction to proceed efficiently. Generally, the more the bulky substituent, the higher is the yield. The reaction
of a,f-unsaturated ketones bearing geminal substituents at the s-position gave the corresponding products
in high yields. In monosubstituted derivatives, the yields are relatively low. However, substrates having a
bulky substituent, such as a tert-Bu group, at the S-position give high yields. Bulkiness is also required in
cyclic a,B-unsaturated ketones, but the effect is small. In alkyl vinyl ketones, the reactivity decreased with
the steric bulk of the alkyl group. In aryl vinyl ketones, the presence of an electron-donating group on the
aromatic ring decreases the reactivity. The success of the catalysis can be attributed to the low affinity of
GacCl; toward heteroatoms, compared with usual Lewis acids.

Scheme 1. [2+2+1] Carbonylative Cycloadditions
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Introduction

Cycloaddition reactions represent an important route to the /N
. . . A X
production of cyclic compounds from acyclic substrat€arbon
monoxide (CO) is frequently used as a one-carbon unit in

o . 2 ) . X=C Co, Ru, Rh, Ir, Ti (P -Khand- ti
cycloaddition reactions, which is recognized as carbonylative X=0 Co. Fu, i, Ir, Tl (Pauson-Khand-type reaction)
cycloaddition reaction, because of its usefulness in the construc- X=N Ru

tion of cyclic carbonyl frameworks. Various types of carbonyl-

ative cycloaddition reactions have been reported thudfar. A [4+1] cycloaddition of a 1,3-conjugation system with CO

A [2+2+1] cycloaddition is a useful method for the construction Would be a straightforward and attractive alternate for the
of five-membered cyclic carbonyl compounds, such as cyclo- construction of five-membered carbonyl compounds, such as
pentenone3and unsaturategHlactoned andy-lactams’ or their cyclopentenoney;-butyrolactone, ang-butyrolactam derivatives
saturated compoun®d (Scheme 1). (X = C, O, and N, respectively) (Scheme 2). However, such
examples are rare except for the cycloaddition of specific
(1) For general reviews on transition-metal-promoted cycloadditions: Lautens, molecules that contain cumulated double bonds, such as

M.; Klute, W.; Tam, W.Chem. Re. 1996 96, 49. Ojima, |.; Tzamarioudaki, 1 ; imi
M. Li, Z.- Donovan, R. JChem. Re. 1996 96, 635, Frihauf, H.-W.Chemn. vinylallenes, diallenes, allenyl ketones, and allenyl imitisia
Rev. 1997 97, 523.

(2) For reviews on the Pauseihand reaction, see Schore, N.@rg. React.

(8) Eaton, B. E.; Rollman, B.; Kaduk, J. A. Am. Chem. Sod992 114

1991, 40, 1. Geis, O.; Schmalz, H.-GAngew. Chem., Int. EdL998 37,
911. Blanco-Urgoiti, J.; Anorbe, L.; Pez-Serrano, L.; Dominguez, G.;
Paez-Castells, JChem. Soc. Re 2004 33, 32.

(3) Chatani, N.; Morimoto, T.; Fukumoto, Y.; Murai, S. Am. Chem. Soc
1998 120 5335. Kang, S.-K.; Kim, K.-J.; Hong, Y.-TAngew. Chem.,
Int. Ed. 2002 41, 1584.

(4) Chatani, N.; Morimoto, T.; Kamitani, A.; Fukumoto, Y.; Murai, 3.
Organomet. Chenil999 579 177.

(5) Kablaoui, N. M.; Hicks, F. A.; Buchwald, S. lJ. Am. Chem. S0d 997,
119 4424. Mandal, S. K.; Amin, Sk. R.; Crowe, W. E.Am. Chem. Soc
2001, 123 6457.

(6) Chatani, N.; Tobisu, M.; Asaumi, T.; Fukumoto, Y.; Murai,JSAm. Chem.
Soc 1999 121, 7160. Tobisu, M.; Chatani, N.; Asaumi, T.; Amako, K.;
le, Y.; Fukumoto, Y.; Murai, SJ. Am. Chem. So®00Q 122 12663.
Chatani, N.; Amako, K.; Tobisu, M.; Asaumi, T.; Fukumoto, Y.; Murai,
S.J. Org. Chem2003 68, 1591.

(7) Chatani, N.; Tobisu, M.; Asaumi, T.; Murai, Synthesi200Q 925. Giel,
A.; Imhof, W. Chem. Commur2001, 593. Imhd, W.; Gobel, A.J. Mol.
Catal. A2003 197, 15.

10.1021/ja0450206 CCC: $30.25 © 2005 American Chemical Society

6245. Mandai, T.; Tsuji, J.; Tsujiguchi, Y.; Saito, $. Am. Chem. Soc
1993 115 5865. Sigman, M. S.; Kerr, C. E.; Eaton, B. E.Am. Chem.
Soc.1993 115 7545. Sigman, M. S.; Eaton, B. H. Org. Chem1994

59, 7488. Murakami, M.; Itami, K.; Ito, YAngew. Chem., Int. Ed. Engl
1995 34, 2691. Sigman, M. S.; Eaton, B. E.; Heise, J. D.; Kubiak, C. P.
Organometallicsl996 15, 2829. Sigman, M. S.; Eaton, B. E.Am. Chem.
So0c.1996 118 11783. Murakami, M.; Itami, K.; Ito, YJ. Am. Chem.
Soc 1997, 119 2950. Murakami, M.; Itami, K.; Ito, YJ. Am. Chem. Soc
1999 121, 4130.

(9) Morimoto, T.; Chatani, N.; Murai, SI. Am. Chem. Sod 999 121, 1758.
(10) Boeckman, R. K., Jr.; Reed, J. E.; Ge(rg. Lett 2001, 3, 3651.
(11) Murakami, M.; Itami, K.; Ubukata, M.; Tsuji, I.; Ito, YJ. Org. Chem

1998 63, 4. Murakami, M.; Itami, K.; Ito, Y Angew. Chem., Int. EA998
37, 3418. Suzuki, N.; Kondo, T.; Mitsudo, Drganometallics1998 17,
766. Koga, Y.; Narasaka, kChem. Lett1999 705. Kamitani, A.; Chatani,
N.; Morimoto, T.; Murai, SJ. Org. Chem200Q 65, 9230. Wender, P. A.;
Gamber, G. G.; Hubbard, R. D.; Zhang,L.Am. Chem. So@002 124
2876. Lee, S. |; Park, J. H.; Chung, Y. K.; Lee, S.JGAm. Chem. Soc
2004 126, 2714.
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Scheme 2. [4+1] Carbonylative Cycloadditions Results and Discussion
C [catalyst]
//_\\X + g - QX A variety of metal complexes (5 mol %) were screened for
o their ability to catalyze the reaction of mesityl oxid® (ith
X=C no example but stoichiometric (Fe: 1992) 2,6-MeCgH4NC (1.1 equiv) in toluene at 60C (eq 2). We
X=0 no example found that various Lewis acids are able to function as the
X=N catalytic (Ru: 1999)

catalyst for the transformation @fand 2,6-MeCsH4sNC: GaCh
(94%), ZrCl, (71%), Yb(OTfy (60%), In(OTfy (44%), and

(1] —
N ﬁ [catalyst] X Y(OTf)s (11%). Although EfAICI is also active as a
X NR R catalyst (87%) for the reaction df with 2,6-MeCsH4NC,
this appeared to be rather exceptional, since it was not ef-
X=C no example . .
X=0 no example but stoichiometric (Al: 1982) fective for other enones. For example, the reactionl 54,
catalytic (the present work) 21, and 29 using EAICI as the catalyst (5 mol %) did not
X=N no example

give the expected products. Other Lewis acids also are not
applicable to a broad range of substrates. Among the Lewis
acids examined, Gagshowed a high catalytic activity for the
reaction of1l and served as a catalyst for a broad range of
0 ] - substrates. We next examined the effect of isocyanide structure
unsaturated imines with CO leading telactams can be g yhe reaction. One of the characteristic features of isocyanides
accomplished using R(CO) as the catalyst. is the ease of tuning their reactivity by simply changing the
We next turned our attention to the use of isocyanides in nature of a substituent on the nitrogen. It was found that aromatic
place of CO, because isocyanides are structurally isoelectronicisocyanides, especially sterically demanding ones and those
to CO and are easily handled in the laboratory compared with pearing an electron-withdrawing group, are effective, but
gaseous and toxic CO. Most importantly, their reactivity can gjiphatic isocyanides were not: 2,6-M&HsNC (94%), 2,6-
be tuned electronically and sterically by simply changing the PrCsHsNC (94%), 2-MeGH4NC (65%), 2,6-(CE)2CsHaNC
nature of the substituent on nitrogen. Our goal was to explore (92%), 2-CRCsH4NC (85%), (CH)3CNC (24%), (GH13)NC
new catalytic transformations that cannot be accessed by the(trace). Toluene and methylcyclohexane were good solvents:

use qf CO, using isocyanides as a one-carbon unit. In fac_:t, iso'_toluene (94%), methylcyclohexane (92%), THF (60%), and-CH
cyanides have often been used as a one-carbon assembling unlE:|2 (60%)

Tamad?® and Buckwald* reported that isocyanides could be used
in place of CO in the intramolecular Pauseithand type trans-

examples of a catalytic 1] cycloaddition of simple 1,3-
butadienes ora,S-unsaturated ketones with CO have been
reported.? On the other hand, the §41] cycloaddition ofa.,3-

formation of enynes. Recently, Takahashi reported on the reac- e cat. GaClg =

tion of zirconacyclopentadienes with isocyanide leading to imi- 2N “Ar toluene. 60 °C. 12 h © @
nocyclopentadienés.Ito and Saegusa reported on theAtCl- ' ' NAr

mediated reaction af,S-unsaturated carbonyl compounds with 1

methylisocyanide leading to unsaturatdesubstituted imino-

lactones, which are readily convertedytdutyrolactones® The The results of the reaction of acyclic,S-unsaturated ke-

use of a stoichiometric amount of promoter was necessary fortones bearing twgs-substituents at thgg-carbon with iso-
the reaction to proceed effectively, and the reaction was sluggishcyanides are shown in Table 1. The efficiency of the reac-
when carried out in the presence of a catalytic amount of Et  tion was dramatically influenced by the steric properties of
AICL. In a prior communication, we reported that Gaéffec- the carbonyl substituent. The reactivity decreased as the alkyl
tively catalyzes the [41] cycloaddition ofa.5-unsaturated car-  group is sterically demandind (= 3 > 5 > 7). However, an
bonyl compounds with isocyanidéS.This paper provides a increase in reaction temperature improved the yields, as
complete description of the scope of this chemistry, with parti- in 5 and7. The reaction was applicable to the construction of
cular emphasis on the effect of substituentsgfrunsaturated  the picyclic lactone derivativel3. Aryl vinyl ketones 15
carbonyl compounds and isocyanides that significantly control 56 |ess reactive, compared with alkyl vinyl ketones. The
the efficiency of the reaction. A further focus will be on the | o5ction ofi5aat 60°C gave the expected produdbain 52%
reaction mechanism, as studied by spectroscopic measurement§,ie|d_ A higher reaction temperature (10Q) improved the
product yield to 81%. The use of an excess of isocyanide (1.5
Rs o cat. — equiv) at 120°C gavel6ain 93% vyield. The presence of an

] e} ™

Ro

GacCl . .
R4(/—<\o + |C S electron-donating group on the benzene ring, aslbt
! R, NAr  toluene NAF decreased the reactivity. However, the reaction proceeded
efficiently irrespective of the electronic and steric nature of
(12) The reaction of 1,3-butadiene with CO leading to cylopentenones is limited substituents on the aromatic rng, when the reaction was carried

to a stoichiometric reaction by the userdtbutadiene-Fe(CQromplexes. out at 120°C.
Franck-Neumann, M.; Michelotti, E. L.; Simler, R.; Vernier, J.-M.
Tetrahedron Lett1992 33, 7361. Franck-Neumann, M.; Vernier, J.-M.

Tetrahedron Lett1992 33, 7365. (15) Takahashi, T.; Tsai, F.-Y.; Li, Y.; Nakajima, KOrganometallics2001,
(13) Tamao, K.; Kobayashi, K.; Ito, YJ. Am. Chem. Sod 988 110, 1286. 20, 4122.
See also Zhang, M.; Buchwald, S. I.. Org. Chem1996 61, 4498. (16) Ito, Y.; Kato, H.; Saegusa, T. Am. Chem. Sod 982 47, 743.
(14) Grossman, R. B.; Buchwald, S. IL Org. Chem1992 57, 5803. Berk, S. (17) Chatani, N.; Oshita, M.; Tobisu, M.; Ishii, Y.; Murai, 3. Am. Chem.
C.; Grossman, R. B.; Buchwald, S. L. Am. Chem. S0d994 116, 8593. Soc 2003 125 7812.
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Table 1. GaCls-Catalyzed Reaction of a,-Unsaturated Ketones product20 (eq 3). However, the yields increased with increasing
Bearing Two S-Substituents at the -Position with Isocyanide?@

cat.
L1J
enone product yieldb 4//_<7 " ﬁ Gacly / o} (3)
Me 6} Me

R NAr tol%ene Nar
R 7§< 19 80 °C
4</_<\O O 20 trace
NAr the size of the alkyl group at th&position, as shown in eq 4.
1 R=Me 2 94% In 21, a byproduc®8, consisting of two molecules of the enone
3 R=Bu 4 81% and one molecule of isocyanide, was isolated in 15% vyield.
5 R=Pr 6 62% Compound28 could have been produced by the isomerization
82% (80 °C, 12 h) of 22 to 27, which undergoes a 1,4-conjugate addition with a
7 R=BU 8 9% second molecule a21. In fact, 28 could be isolated from the
41% (100 °C, 18 h) reaction of22 with 1 equivalent of21 in the presence of 10

mol % of GaCs.

0
/ o) 91% (70 °C, 4 h) .
NAr J—< G I % (4)
+ ——
7 o | 10 R o NAr R
NAr
— 21 R=Bu 22 20%
7 o 0 92% 23 R=Pr 24 43%
Zt 9
NAr 25 R=Bu 26 71%
n 12 Bu O
— P
Bu /
o} o 0
Cz/ \<o g j 45% NHAr Bu
NAr 27 NAr g
13 14
Similar to acyclic enones (shown in Table 1), cyclic enones
CAHLX CeHaX bearing _twoﬁ-sut_)stituents at th(_ﬁ-position or a stericall_y
6 — demanding substituent at tfieposition gave the corresponding
‘</_<0 0 products in higher yields. However, bulkiness is not a critical
NAr factor in cyclic enones, in contrast to acyclic enones. The
15 reaction of an enone bearing a methyl group atf¥osition,
16 : L . .
X =H (a) 529 as in39, gave a bicyclic lactond0 in reasonably good yield
81% (100 °C, 12 h) (compare withl9in eq 3). The bulkiness of the substitution at
93% (120 °C, 12 h)° the S-position had no significant effect, but a slight effect on
X = 4-Me (b) 94% (120 °C, 12 h)° the yields of the products. The ring size also had a slight effect
X = 4-OMe (c) 51% (100 °C, 12 h) on the efficiency of the reaction. The reaction of seven- and
86% (120 °C, 12 h)° eight-membered cyclic enoné& and43 gave the corresponding
X = 3-OMe (d) 88% (120 °C, 12 h)° adducts in relatively low yield, compared with six-membered
X = 4-CF4 (e) 79% enones. However, satisfactory results were obtained when the
95% (120 °C, 12 h)° reaction was carried out at a higher reaction temperature, such
X = 2-Me (f) 90% (120 °C, 12 h)® as 100°C. The reaction of a five-membered enone, 2-isopro-
pylidene-cyclopentanond®), gave the expected produts in
__ — 89% and a negligible amount of double isocyanide insertion
Y 5 71% (80 °C, 12 h) product47 (detected by GCMS) was produced (eq 5).
cat.
NAr ol GaClg
17 18 7/ o) * “Ar toluene
aThe reaction conditions:a,S-unsaturated ketone (1 mmol), 2,6- 45

xylylisocyanide (1.1 mmol), Gag(0.05 mmo) 1 M in methylcyclohexane)

in toluene (3 mL) at 60°C, 18 h.PIsolated yield . 2,6-Xylylisocyanide _O + o (5
(1.5 mmol) was used.
NAr ArN NAr
Bulkiness at thgg-position in unsaturated ketones bearing a
46 80% 47 trace

monosubstituent at th@-position is important for the reaction
to proceed (egs 3 and 4). The substitution of a methyl group at The formation of47 in eq 5 prompted us to examine the
the3-position, as irl9, gave a negligible amount of the expected reaction of various five-membered cyclic enones. Consequently,

J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005 763



ARTICLES

Oshita et al.

a surprising dependence of product distribution on the nature Table 2. GaCls-Catalyzed Reaction of Cyclic a,8-Unsaturated

of isocyanides was observed, as shown in eq 6, W&was
used as a substrate. The reactiom8iwith 2,6-MeCsHsNC

(2 equiv) gave a mixture of the expectedactone producd9a
and a double-insertion produé0a Our attention therefore
turned toward tuning the reactivity of isocyanides to allow for

a more selective reaction. This might be accomplished by
changing the substituent on the nitrogen of the isocyanides. Note

that49bwas obtained selectively when 2-§H,NC was used
as the isocyanide. In contrast, the use of PgcsHsNC gave
the double-insertion produbbcas the sole product. The product
distribution could be precisely controlled by simply changing
the structure of isocyanides.

cat.
e GaClg

[l
NAr  toluene

e

o * o] (6)
NAr ArN NAr
Ar = 2,6-Me, 49a 14% 50a 62%
Ar = 2-CF,4 49b 92% 50b 0%
Ar =2,6-Pr, 49c 0% 50c 68%

The reaction ofa,S-unsaturated aldehyd&l with 2,6-
Me,CgH3NC in the presence of Gag5 mol %) also gave the
corresponding lactam derivatig?, albeit in low yield (15%
at 100°C). By changing the catalyst to Zn(O%f}he yield was
improved to 41% (eq 7)o,f-Unsaturated aldehydes are not
good substrates for the presentHY] cycloaddition reaction,

probably because isocyanides may attack the Lewis acid-

activated aldehydecarbon, as in the Passerini and Ugi reac-
tions18

H cat. —
o) Zn(OTf), o)
7 N o+l @)
NAr tolueone NAr
100°C, 3 h
51 52 41%

One of the possible mechanisms involves the attack of the

oxygen atom ofl to the carbon atom of the isocyanide-
coordinated GaGlcomplex53 leading to54, which cyclizes

to the final product, as shown in Scheme 3. In fact, some Lewis

acid—isocyanide complexes are knowhwe do not think that
the reaction proceeds via the Lewis aeislocyanide complexes,
although we have no direct evidence.

Ketones with Isocyanide?

enone product yield®
\>/:<< 5— 30 91%
/
e} O
29 NAr
_ 32 91%
7 o e}
31 NAr
2/:2 7§ o}
7 o
NAr
33 R=Bu 34 77%
35 R=Pr 36 62%
37 R=Bu 38 53%
39 R=Me 40 44%
7 Yo § ?o
NAr
41 n=1 42 55%
89% (100 °C)
43 n=1 44 60%
82% (100 °C)

aReaction conditionsa,f-unsaturated ketone (1 mmol), 2,6-xylyliso-
cyanide (1.1 mmol),Gagl(0.05 mmo} 1 M in methylcyclohexane) in
toluene (3 mL) at 60C, 18 h.PIsolated yield.

Scheme 3. A Proposed Reaction Mechanism

7/+—§’ — A0
ol
NAr
54

(o:- (|3aCI3

1l 1
NAr or G ——
Cl3Ga NAr

53 NAr

the other hand, it is necessary for tReisomer of56 to be
isomerized to &-isomer prior to the cyclizatio? If a less bulky
substituent is attached to tlfieposition of thea,3-unsaturated
ketone,56E undergoes side reactions, such as reactions with
othera,-unsaturated ketone molecules or another molecule of

An alternate mechanism for this reaction is shown in Scheme iSocyanode, prior to its isomerization $6Z. The presence of

4. The coordination of Gaglto the oxygen atom, as i&5,

a bulky substituent, such aseat-Bu group or twqs3-substituents

makes the3-carbon more electrophilic. Isocyanide attacks the at thef-position, prevents such intermolecular competing side

p-carbon to gives6. The Z-isomer of56 easily undergoes an
intramolecular cyclization to give the final product. In addition,

reactions because of steric factors. Consequently, isomerization
to the Z-isomer, followed by intramolecular cyclization, takes

a geminal substitution effect also facilitates the cyclization. On place to give lactone derivatives. In cyclic enones, such an

(18) Damling, A.; Ugi, I. Angew. Chem., Int. EQ00Q 39, 3168.

(19) Brackemeyer, T.; Erker, G.; Hilich, R. Organometallics1997, 16, 531.
Jacobsen, H.; Berke, H.; Tag, S.; Kehr, G.; Erker, G.; Fidich, R.;
Meyer, O.Organometallics1999 18, 1724.

764 J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005

isomerization is not necessary because the generated enolates

(20) According to calculations using the B3LYP method with 6-31G* as basis
sets, there is almost no energy difference betws&n and 56E.
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Scheme 4. A Proposed Reaction Mechanism

L1d
i
NAr —\ = —
4</_<0_G8C|3 {Q-GaCh _— 7§{D
N\
s-cis 55 +NAr NAr
56Z
o 0-GaCly
©=GaCls ¢ _
side reactions
/ ﬂ» : : byproducts
A
+ NAr
s-trans 55 56E

are constrained to &@-geometry. This explains why cyclic

not serve as a good substrate because it has a less bulky
substituent, such as a Bu group, at fheosition. However,

the use of 2,6-(C§,CsH3NC dramatically improved the product
yield to 65%, even when a lower reaction temperature was used.
The results shown in eqs 6 and 8 show the advantage of the
use of isocyanides in cycloaddition reactions because the
reactivity of isocyanides can be tuned by a simple changing of
the substituent on the nitrogen.

L]
C cat. GaCl
J/_<o A e I
Bu NAr toluene u
NAr
21
Ar = 2,6-Me,CgH3 60°C,18h 22 20%

Ar =2,6-(CF3),CgHg 40°C,12h 59 65%

enones gave the corresponding lactone derivatives in better

yields compared with those in the reaction of acyclic enones,

even though they have a less bulky substituent gftpesition
(comparel9 and39). The key to successful catalysis would be
the softness of Gaglthat allows all steps, facil&/Z isomer-
ization, cyclization, and the detachment of Ga@bm the
product?!

In aryl vinyl ketones15, the substitution of an electron-

To discuss the reaction mechanism, NMR studies were carried
out with the use of mesityl oxidel) and 2,6-MeCgH4NC. All
species involved in the reaction system, sucli,dasocyanide,
and the produc®, were found to coordinate to GaClIThus,
upon the addition of one equivalent of Ga@ 1 in C¢Dg at
room temperature, the signals for fredisappeared (5.69 ppm)
and new peaks appeared (5.12 ppinYhe original methyl

donating group on the aromatic ring retarded the reaction, assignal of 2,6-MeCsH4sNC at 2.06 ppm was shifted upfield to
shown in Table 1. This is probably because the presence of an1.55 ppm upon the treatment of Ga®lith 2,6-MeCsHsNC

electron-withdrawing group makes tfiecarbon more electro-
philic, which facilitates the attack of isocyanide to fhearbon.
The equilibrium distribution o&-trans ands-cis of enones
might also be an important factor for the reaction to proceed
efficiently. In mesityl oxide {), the equilibrium favors the-cis
form because of an unfavorable methyhethyl interaction in
thes-trans form?2 The attack of isocyanide to theecis form of
55 would selectively give56Z, which would easily undergo
cyclization.

Scheme 5
i —— 49 (Ar' = 2-CF3CgH,)
0-GaCly O
Nar ArNC Q
+ NAr' LAr _ 50
57 0-GaCl; - GaCls
AN AT
58

In 48, the formation of the five-membered produtd is
restricted by ring strain that led to the formation of a double-
insertion product50. However, the use of 2-GEgH3NC
facilitates the cyclization of intermediat to 49 because of
the higher electrophilicity of57 as well as the reduced
nucleophilicity of the isocyanide to atta&k leading to58 by
the presence of an electron-withdrawing ;Cgroup in the
isocyanide. In 2,6Pr,CeH3NC, the cyclization of57 to 49 is

in a 1:1 molar ratio in @Dg at room temperature. The treatment
of 2 with one equivalent of Gagbave a nearly 1:1 mixture of
free 2 and a complex of Gagland2.24 Product2 coordinates
more strongly to GaGlthan1 or isocyanide. Treatment df,

2, and Gad in a 1:1:1 molar ratio resulted in no changelof
and the formation of a complex of GaGind2. The addition
of 2 to the reaction mixture ofl5a with 2,6-MeCsH4NC
retarded the reaction. Thus, the GaCatalyzed reaction df5a
with 2,6-MeC¢H4NC in toluene at 60C in the presence of 1
equivalent oR gavel6ain 7% yield, althougH.6awas obtained

in 52% yield in the absence & as shown in Table 1. These
results indicate th& strongly coordinates Gagnd, as a result,
the coordination prevents GaCfrom participating in the
catalytic cycle. The addition of one equivalent of 2,6-KgH -
NC to the solution of the 1:1 complex @fand GaCd in C¢Dg

at room temperature gavdn high yield. In contrast, a catalytic
reaction ofl using 5 mol % of GaGlat 25°C gave2 only in
28% vyield. However, the reaction proceeded smoothly to give
2 in 94% vyield when the mixture was heated to 8D. The
heating caused the detachment of Ga@m the product.

We next conducted some IR studies. The absorbance for an
enone structure (1691 and 1620 cindisappeared and new
absorbances appeared (1629, 1547, 1448, 125%)cion the
addition of 1.0 equivalent of Gaglo 1 in CgDg at room
temperature. These absorbances correspond to those arising from
iminolactone-coordinated GagIThus, 1 was consumed im-
mediately an® was simultaneously formed when 1 equivalent
of GaCk was added to a mixture of (1 equiv) and 2,6-
Me>CsH4NC (1 equiv). No intermediates were detected in the

restricted by the ring strain and steric bulkiness around the |p gygjes. Although direct observation of a proposed catalytic

electrophilic carbon irb7 by the diisopropylphenyl group. The
dramatic effect of an electron-withdrawing group of isocyanide
was also observed, as shown in eq 8. As shown in &4 djd

(21) Morrison, D. J.; Piers, W. BEOrg. Lett 2003 5, 2857.
(22) Montaudo, G.; Librando, V.; Caccamese, S.; Maravignd, Rm. Chem.
Soc 1973 95, 6365.

intermediate by NMR and IR does not prove it is involved in
the catalytic cycle, these studies nevertheless support the
proposed mechanism in Scheme 4.

(23) When the reaction was carried out in &I, all peaks were downshifted.
(24) A 2:1 complex of GaGland2 is proposed to form.
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Conclusion necessary to optimize the reaction conditions. A combination
fof isocyanides and Lewis acids represents a new reaction system

The reaction described herein represents the first example o f )
that allows a new type of catalytic reactiéh.

the catalytic [4+1] cycloaddition ofco,S-unsaturated ketones
with isocyanides leading to unsaturated lactone derivatives. . .
Although some other Lewis acids also showed catalytic activity, ~Acknowledgment. This work was supported, in part, by
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(25) Recently, GaGl has been found to show a unique catalytic activity. tal analvses

Amemiya, R.; Nishimura, Y.; Yamaguchi, Mbynthesi2004 1307. Usugi, Yy '

S.; Yorimitsu, H.; Shinokub_o, H.; Oshima_\, lOrg. Lett 2004 6, 601.

éﬁgﬁ?%%;g&'(gd%;'Ai‘é%?}%toh'ﬂ',;:L':?i?”/ia.' /fr'fszi‘{;‘a&“-°$;;’n”a%'ug¢hi Supporting Information Available: Full experimental details.

gﬂd gﬁgg;;omet. Chen2003 686, 94. Viswanathan, G. S.; Li, C.-Synlett This material is available free of charge via the Internet at
(26) Zhao rece.ntly reported that GagQtatalyzes the double insertion of http://pubs.acs.org.

isocyanides into epoxides leading ¢ S-unsaturatedx-aminoiminolac-

tones. Bez, G.; Zhao, C.-®@rg. Lett 2003 5, 4991. JA0450206
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