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The addition of Yb(OTf); (10 mol%) in a Rh,(OAc)4-catalyzed reaction of o-(methoxycarbonyl)-o-diazoacetophe-
none with N-methylmaleimide in CH,Cl, or in diethyl ether gave cycloadducts with high endo-selectivity (endo:exo =
95:5-96:4). The CuOTf (20 mol%)- or CuCl-Yb(OTT); (5 mol%)-catalyzed reaction also gave 1,3-dipolar cycloadducts
in an endo-selective manner (endo:exo = 94:6). On the other hand, a reaction using only Rhy(OAc), (5 mol%) as the
catalyst in benzene under reflux gave cycloadducts with exo-selectivity (endo:exo = 11:89). The reaction of N-ethyl-
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and N-phenylmaleimides under the same conditions showed a similar tendency in terms of the stereoselectivity.

Stereocontrol of 1,3-dipolar cycloadditions is extremely im-
portant for constructing heterocyclic compounds from the
viewpoints of the synthesis of biologically active compounds.
Although many examples of regio- and/or stereoselective 1,3-
dipolar cycloadditions had been developed, their stereoselec-
tivity mainly depended on the nature of the dipoles and dipo-
larophiles used.! As is well known, a Lewis acid is one of the
most effective catalysts in achieving high endo-selectivity as
well as enantioselectivity (in the case of a chiral Lewis acid) in
a Diels—Alder reaction governed by an interaction between the
HOMO of the diene and the LUMO of the dienophile. It has
recently been demonstrated that a Lewis acid is also very ef-
fective to control the stereoselectivity in some 1,3-dipolar cy-
cloaddition, although the deactivation or decomposition of 1,3-
dipole may be considered by adding a Lewis acid. For exam-
ple, chiral Lewis acid-catalyzed highly enantioselective 1,3-di-
polar cycloadditions of nitrones with 3-crotonyloxazolidinone
have been developed.2 In those reactions, the exo:endo selec-
tivity was also controlled by the property of the Lewis acid.
However, those Lewis acid-catalyzed 1,3-dipolar cycloaddition
reactions still have a limitation in terms of generality for the
1,3-dipole because of its basicity and instability.'f

Since we demonstrated the utility of a method by studying
the metal-catalyzed decomposition of o-(alkoxycarbonyl)-o-
diazoacetophenone,’ the intramolecular carbenoid-carbonyl re-
action has become one of the most effective methods for gen-
erating carbonyl ylides.* Our present goal is to control the
stereoselectivity by metallic catalysts in the cycloaddition of
carbonyl ylide. After our discovery was reported in a prelimi-
nary communication,” Hashimoto® and Hodgson’ separately
reported highly enantioselective carbonyl ylide cycloadditions
catalyzed by a chiral rhodium-catalyst. However, there have
been no reports concerning the successful stereocontrol by us-
ing a Lewis acid in the cycloaddition of carbonyl ylide.®’ In

this paper, we report on full accounts of our investigations in
dramatic changes of stereoselectivity caused by ytterbium tri-
flate (Yb(OTY);) in the 1,3-dipolar cycloaddition of carbonyl
ylide with N-substituted maleimides.’> The stereoselectivity in
the reaction of dimethyl fumarate in the presence of Yb(OTf);
is also reported.

Results and Discussion

Reaction with N-Methylmaleimide. To clarify the de-
pendency of the stereoselectivity by kinds of metallic catalysts,
we first examined the decomposition of o-(methoxycarbonyl)-
o-diazoacetophenone (1) in the presence of N-methylmaleim-
ide by using several metal-catalysts (5 mol%) which are typi-
cal for the decomposition of diazo compounds (Table 1, entries
1,3,4,7,8,10, 11, 21, and 22; Scheme 1). Surprisingly, when
metal-catalysts having Lewis acidity, such as CuOTf
(endo:exo = 87:13) and Cu(OT¥), (endo:exo = 82:18), were
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Table 1.  Cycloaddition of Carbonyl Ylide with N-Methylmaleimide®
Entry Catalyst/mol% Solvent Temp/°C Yield/% endo: exo®
1 CuOTf (5) benzene reflux 49 87:13
2 CuOTf (20) benzene reflux 34 94:6
3 [Cu(MeCN),]PFg (5) benzene reflux 49 65:35
4 CuCl (5) benzene reflux 81 26:74
5 CuCl (5), ZnBr;, (5) benzene reflux 27 82:18
6 CuCl (5), Yb(OTf); (5) benzene reflux 52 94:6
7 Cu(OTY), (5) benzene reflux 24 82:18
8 [Cu(acac),] (5) benzene reflux 66 24:76
9 [Cu(acac),] (5), Yb(OT1); (5) benzene reflux 46 83:17
10 [Cu(hfacac),] 9(5) benzene reflux 40 32:68
11 Rh,(OAc), (5) benzene reflux 70 11:89
12 Rhy(OAc)4 (5), Yb(OTY); (5) benzene reflux 64% 61:39
13 Rh,(0OAc), (5), Yb(OTH)5 (5) benzene rt 89" 90:10
14 Rh,(0OAc), (1), Yb(OTH);3 (5) benzene t 69” 88:12
15 Rh,(OAc)4 (2), Yb(OTH); (10) benzene t og® 93:3
16 Rh,(0Ac)4 (2), Yb(OTf); (10) CH,Cl, It quant.” 95:5
17 Rh,(OAc), (2), Yb(OTf); (10) CH,Cl, 0 95" 95:5
18 Rhy(OAc)4 (2), Yb(OTT); (10) THF t 35" 99:1
19 Rh,(OAc)4 (2), Yb(OTH); (10) Et,0 t 67" 99:1
20 Rhy(OAc), (2), Yb(OTE); (10)Y  Et,0 It 89 96:4
21 [Rhy(tfa)s]? (5) benzene  reflux 40 22:78
22 [Rhy(acm)4]® (5) benzene  reflux 84" 35:65
23 Yb(OTf); (10)® benzene  reflux (5 h) 36 98:2
24 Sc(OTf); (10)?Y benzene reflux (3 h) 60 77:23

a) A solution of diazo compound 1 was added to a solution of N-methylmaleimide (2 equiv) in
the presence of the catalyst at the temperature cited in Table 1 over a period of 1 h. b) Deter-
mined by HPLC analysis (Nova-Pak C18, Waters). c) The ratio was determined by 'H NMR

and/or HPLC analysis (Nova-Pak C18, Waters).

d) In the presence of MS 4A powder. e)

Hexafluoroacetylacetonatocopper(Il).
kis(acetamido)dirhodium(II).

used, high endo-selectivity was observed, which is not usually
found in this carbonyl ylide cycloaddition (entries 1 and 7).'°
The use of 20 mol% of CuOTf increased the endo-selectivity
to endo:exo = 94:6 (entry 2) compared with the result of entry
1. In the case of other copper catalysts, such as CuCl,
[Cu(acac),], and [Cu(hfacac),], moderate exo-selectivity was
observed (entries 4, 8, and 10). The reaction using Rh(II) cata-
lysts generally showed exo-selectivity (entries 11, 21, and 22).
We also found that endo-selectivity was observed by adding 5
mol% of Lewis acid to 5 mol% of CuCl as a catalyst (entries 5
and 6). Although the yield was moderate, Yb(OTf); was effec-
tive for endo-selectivity to give the ratio of endo:exo = 94:6
(entry 6). The moderate yields under Lewis acid-catalyzed
conditions may be attributed to the decomposition of the prod-
ucts by a trace amount of water in the reaction mixture.

The ratio of endo- and exo-products in good yields must be
discussed for a detailed consideration of the stereoselectivity
in the cycloaddition of this carbonyl ylide, because the decom-
position rate of the endo- and exo-products may be different
under Lewis acid-catalyzed conditions. To find the optimum
conditions for the highest yield and endo-selectivity, the kinds
of metal-catalysts and reaction temperature were investigated
(entries 9, 12, and 13). The combination of Rh,(OAc), and
Yb(OTf); at room temperature showed a better result (89%
yield, endo:exo = 90:10, entry 13). After investigating the
amounts of the catalysts and solvent (entries 14-20), we found

f) Tetrakis(trifluoroacetato)dirhodium(II).

g) Tetra-

that the conditions using 2 mol% of Rhy(OAc), and 10 mol%
of Yb(OTY); at room temperature in CH,Cl, showed the best
yield (quant.) and high endo-selectivity (endo:exo = 95:5).
The reaction proceeded at 0 °C for the same reaction time un-
der similar conditions to give endo-product 2a also in high
yield with high endo-selectivity (entry 17). An acceleration of
the reaction by adding Yb(OTf); was not clearly observed,
probably due to the rate-determining step containing the ylide
formation. Diethyl ether in the presence of MS 4A powder
was also a good condition for high yield and high endo-selec-
tivity (entry 20). In this case, MS 4A presumably plays the
role to avoid hydrolysis of the products. Although the yield
was low, it is interesting that the reaction using only Yb(OTf);
or Sc(OTf); in benzene under reflux gives cycloadducts with
endo-selectivity (entries 23 and 24).

Reaction with N-Ethyl- and N-Phenylmaleimides. The
CuOTf- and CuCl-Yb(OTf);-catalyzed reactions of diazoace-
tophenone 1 with N-ethylmaleimide also showed endo-selec-
tivity (Table 2, entries 1 and 4). The reaction using Rhy(OAc),
showed moderate exo-selectivity (entry 5). The Rh,(OAc),
Yb(OTf)s-catalyzed reaction also achieved high endo-selectiv-
ity (endo:exo = 95:5 entry 6, endo:exo = 90:10 entry 7).
The reactions with N-phenylmaleimide showed lower selectiv-
ity than that of the reactions with N-methyl- and N-ethylmale-
imides. However, the tendency of the selectivity is almost the
same. Thus, the CuOTf- and CuCl-Yb(OTf);-catalyzed reac-
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Table 2.  Cycloaddition of Carbonyl Ylide with N-Ethyl- and N-Phenylmaleimides®

Entry R Catalyst/mol% Solvent Temp/’C  Yield/%  endo:exo®
1 Et CuOTf (5) benzene rt 44 82:18
2 Et CuOTf (5) benzene reflux 55 70:30
3 Et [Cu(MeCN)4]PFq (5) benzene reflux 47 69:31
4 Et CuCl (5), Yb(OTH%);3 (5) benzene reflux 40 88:12
5 Et Rh,(OAc), (5) benzene reflux 85 22:78
6 Et Rhy(OAc), (2), Yb(OTT); (10) CH,Cl, t 76 95:5
7 Et Rhy(OAc), (2), Yb(OTf); (10)°  CH,Cl, t 80 90:10
8 Ph CuOTf (5) benzene rt 60 63:37
9 Ph CuOTf (20) benzene t 25 75:25
10 Ph [Cu(acac),] (5) benzene t 51 21:79
11 Ph Cul (20) benzene rt 31 20:80
12 Ph CuCl (5), Yb(OT%); (5) benzene reflux 43 77:23
13 Ph CuCl (5), Yb(OTH%); (5) MeCN reflux 21 90:10
14 Ph Rh,(OAc), (5) benzene reflux 88 40:60
15 Ph Rh,(OAc)4 (2), Yb(OTH); (10) CH,Cl, It 57 54:46
16 Ph Rhy(OAc), (2), Yb(OTY); (10) Et,O 1t 10 92:8
17 Ph Rhy(OAc), (2), Yb(OTf); (10)°  Et,O rt 89 78:22
18 Ph Rhy(OAc)4 (2), Sc(OTf); (10) CH,Cl, t 50 84:16

19 Ph Rh,(OAc), (2), Sc(OTf); (10)°  CH,Cl, It 82 49:51

a) A solution of diazo compound 1 was added to a solution of N-methylmaleimide (2 equiv) in the pres-
ence of the catalyst at the temperature cited in Table 2 over a period of 1 h. b) The ratio was determined
by 'H NMR and/or HPLC analysis (Nova-Pak C18, Waters). c) In the presence of MS 4A powder.

Table 3.  Cycloaddition of Carbonyl Ylide with N-Substituted Maleimides in the Presence of Chiral Catalyst”

Entry R Catalyst/mol% Solvent Temp  Yield/% endo:exo® %ee  endolexo®
1 Me CuOTf (5) benzene reflux 49 87:13 —/-
2 Me Ln-CuOTf (5) benzene reflux 81 29:71 1/0
3 Me Ln-CuOTf (5) benzene t 69 50:50 3/0
4 Me Cu(OTY), (5) benzene reflux 24 82:18 —/—
5 Me Ln—Cu(OTf), (5) benzene reflux 79 49:51 1/

6 Me Ln—Cu(OTf), (5) benzene t 60 46:54 7/0
7 Me [Cu(MeCN),]PFs (5) benzene reflux 49 65:35 —/—
8 Me Ln—[Cu(MeCN),]|PF; (5) benzene reflux 38 47:53 6/0
9 Me [Rhy(55-MEPY)4] (5) benzene t 75 23:77 0/2
10 Et CuOTf (5) benzene rt 44 82:18 —/—
11 Et Ln-CuOTf (5) benzene t 51 33:67 7/0
12 Ph CuOTf (5) benzene t 60 63:37 —/—
13 Ph CuOTf (20) benzene t 25 75:25 —/—
14 Ph Ln-CuOTf (5) benzene rt 83 43:57 6/0
15 Ph Ln-CuOTf (10) benzene t 61 47:53 4/0
16 Ph Ln—CuOTf (20)? benzene t 43 61:39 15/0
17 Ph Ln-CuOTf (20) benzene t 53 37:63 15/0
18 Ph Ln-CuOTf (20)° benzene t 53 42:58 5/0
19 Ph Ln-CuOTf (20)? benzene It 72 41:59 3/0
20 Ph Ln—-CuOTf (20) benzene—hexane (1:1)® 1t 30 45:55 18/0
21 Ph Ln-CuOTf (100) benzene t 37 50:50 17/0
22 Ph [Rhy(55-MEPY)4] (20) benzene rt 45 11:89 20/5
23 Ph Rh,(OAc)4 (2), YB[(S)- CH,Cl, t 97 44:56 2/1

BNP]; (10)

a) A solution of diazo compound 1 was added to a solution of N-substituted maleimide (2 equiv) in the presence of the catalyst at
the temperature cited in Table 3 over a period of 1 h. b) The ratio was determined by 'H NMR and/or HPLC analysis (Nova-Pak
C18, Waters). c¢) Determined by HPLC analysis (Daicel Chiralpak AS). d) 1 Equiv of N-phenylmaleimide was used. e) 3 Equiv
of N-phenylmaleimide was used. f) 5 Equiv of N-phenylmaleimide was used. g) Fifty mL of solvent was used.

tions in benzene showed moderate endo-selectivity (entries 8§, forded the highest endo-selectivity in the reaction with N-phe-
9,12, and 13). nylmaleimide (entries 16 and 17). The moderate-to-low yield
The Rh,(OAc),—Yb(OTf);-catalyzed reaction in ether af- of those adducts using a Lewis acid as an additive is probably
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Chart 1.

due to interference of the formation of carbonyl ylides or the
decomposition of adducts by the Lewis acid. The use of other
copper catalysts, such as Cul and [Cu(acac),], and Rh(II) cata-
lysts, as a sole catalyst resulted in exo-selectivity (entries 10,
11, and 14).

Reaction in the Presence of Chiral Catalysts. Chiral
catalysts which were prepared from Cu(I) and Cu(Il) salts
were investigated in the reaction of 1 with N-substituted male-
imides (Chart 1, Table 3). It is interesting that the endo-selec-
tivity changed to exo excess in the CuOTf- or Cu(OTf),-cata-
lyzed reaction when 2,2’-isopropylidenebis[(4S)-4-z-butyl-2-
oxazoline] (Ln) was used as the ligand (1 vs 2,4 vs 5,7 vs §,
12 vs 14). However, in a reaction with N-methyl- or N-ethyl-
maleimides in the presence of 5 mol% of chiral catalysts, al-
most no enantioselection was obtained. In the case of N-phen-
ylmaleimide in the presence of more than 20 mol% of the
catalyst, a small degree of asymmetric induction was observed
(endo: 15-17% ee, entries 16, 17, 18 and 21). The amounts of
N-phenylmaleimide influenced both the endo/exo-selectivity
and the enantioselectivity. In the presence of an equimolar
amount of N-phenylmaleimide, endo-product was predomi-
nantly obtained (entry 16). When more than 2 molar amounts
of N-phenylmaleimide were used, the preference changed to
exo excess (entries 17-19). Under those conditions, the enan-
tioselectivity decreased as the amount of N-phenylmaleimide
increased (entries 16—19). These results might suggest that the
chiral catalysts affect not only the generation of carbenoid, but
also the activation of a dipolarophile as a Lewis acid. Al-
though the use of another solvent, such as toluene, diethyl
ether, THF, MeCN, or CH,Cl,, gave no satisfactory result in
terms of the enantioselectivity, the reaction in benzene-hexane
(1:1) showed a slightly increased enantioselectivity (entry 20).

In reactions with N-phenylmaleimide, dirhodium(IIl) tet-
rakis[methyl 2-pyrrolidone-5(S)-carboxylate] ([Rh,(5S-ME-
PY)4]) was the best catalyst to obtain the exo-adduct selective-
ly. It is also interesting to point out that a similar degree of

Table 4.

asymmetric induction in a Ln—CuOTf catalyzed reaction was
observed by using 20 mol% of [Rhy(5S-MEPY),] (endo: 20%
ee, exo: 5% ee, entry 22). In the Rhy(OAc),-catalyzed reac-
tion, the addition of ytterbium tris(S)-1,1’-binaphthyl-2,2’-diyl
phosphonate (Yb[(S)-BNP]3) (10 mol%), which showed mod-
erate enantioselectivity in the reaction of diazoacetophenone 1
with benzyloxyacetaldehyde,” was investigated. However, no
satisfactory result was obtained in terms of the enantioselectiv-
ity.

Reaction with Dimethyl Fumarate. The cycloaddition
of 2-benzopyrylium-4-olate with dimethyl fumarate in the
presence of Yb(OTf); was also investigated (Scheme 2, Table
4). The Rhy(OAc),-catalyzed reaction, itself, either under re-
flux in benzene or at rt in CH,Cl,, produced the 6-endo,7-exo
product selectively (entries 1 and 2). The addition of Yb(OTf);
under these conditions caused only a decreasing yield, but no
effect in the stereoselectivity (entries 3 and 4). However, the
combination of Rhy(OAc)4, Yb(OTY)3;, and MS 4A was effec-
tive in increasing the yield and in achieving high 6-endo,7-exo

OMe LO-Me

MGOQC
OMe

CHN,

O
6-endo, 7-exo 5a
+

Catalyst

CO,Me
OMe,COoMe
m.\cogMe
H
(o]
6-exo, 7-endo  5b
Scheme 2.

Cycloadditions of Carbonyl Ylide with Dimethyl Fumarate®

Entry Catalyst/mol%

Solvent

Temp Yield/% 5a:5b®

1 Rh>(OAC), (5)

2 Rh>(OAc), (2)

3 Rh,(OAc), (5), YB(OTD); (5)

4 Rhy(OAc), (2), YB(OTf); (10)
5 Rhy(OAc), (2), YB(OTf); (10)°)

benzene
CH,Cl,
benzene
CH2C12
CH,Cl,

89
78
38
34
72

81:19
88:12
82:18
89:11
96:4

reflux
It
reflux
rt
1t

a) A solution of diazo compound 1 was added to a solution of dimethyl fumarate (2 equiv) in the
presence of the catalyst at the temperature cited in Table 4 over a period of 1 h. b) The ratio was
determined by HPLC analysis (Nova-Pak C18, Waters). c) In the presence of MS 4A.
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selectivity (6-endo,7-exo:6-exo,7-endo = 96:4, entry 5).

We have already reported that the reactions of diazoace-
tophenone 1 with maleic anhydride and dimethyl maleate in
the absence of a Lewis acid gave only exo-cycloadducts in
moderate yields.® The Rh,(OAc),-catalyzed reaction of 1 with
maleic anhydride and dimethyl maleate in the presence of
Yb(OTf); was investigated. However, the reaction in the pres-
ence of Yb(OTY); did not give cycloadducts, presumably due to
an instability of the adducts under the reaction conditions.

Mechanistic Considerations. The reason for the high
endo-selectivity in the presence of Yb(OTf); in the reaction of
N-substituted maleimides is not clear at this point. However,
the Lewis acid may control the endo-selectivity in the cycload-
diton of carbonyl ylide due to an enhancement of secondary
orbital interactions by coordination to N-substituted maleim-
ides, as is well known in a Lewis acid-catalyzed Diels—Alder
reaction. Thus, the reaction of this carbonyl ylide with N-sub-
stituted maleimides is governed by a strong interaction be-
tween the 1,3-dipole HOMO and the dipolarophile LUMO
based on frontier orbital theory. The coordination of the Lewis
acid to the carbonyl oxygen of N-substituted maleimides low-
ers the energy level of LUMO and also enlarges the orbital co-
efficient of the carbonyl carbon. As a result, the enhancement
of the secondary orbital interaction between the carbonyl car-
bon of the carbonyl ylide and the carbonyl carbon of N-substi-
tuted maleimide could lead to a high endo-selectivity, as
shown in Fig. 1.

LUMO

Another possibility is that the transition state leading to
endo-products is preferred by coordination of the Lewis acid to
both the carbonyl oxygen of N-substituted maleimides and the
carbonyl oxygen or methoxy oxygen of carbonyl ylide.

The high 6-endo,7-exo selectivity of the reaction with dime-
thyl fumarate in the presence of Yb(OTf); and MS 4A could
not be explained by the secondary orbital interactions. Coordi-
nation of the Lewis acid to both the carbonyl oxygen of dime-
thyl fumarate and the methoxy oxygen of carbonyl ylide may
be the only explanation.

Conclusions

We have demonstrated that the 1,3-dipolar cycloaddition re-
action of carbonyl ylide, which was generated by the

Bull. Chem. Soc. Jpn., 74, No. 6 (2001) 1119

Rh,(OAc),-catalyzed decomposition of o-(methoxycarbonyl)-
a-diazoacetophenone (1), with N-substituted maleimides in
the presence of 10 mol% of Yb(OTY); showed high endo-selec-
tivity, which is not usually found in this carbonyl ylide cy-
cloaddition reaction. CuOTf and Cu(OTf),, having an ability
for the decomposition of diazo compounds and Lewis acid
character, were also effective catalyst to obtain endo-selectivi-
ty. On the other hand, in the Rhy(OAc),-catalyzed decomposi-
tion of diazoacetophenone 1 in the presence of dimethyl fuma-
rate, the addition of Yb(OTf); did not change the
stereoselectivity, but combination of Yb(OTf);-MS 4A in-
creased the 6-endo,7-exo selectivity. We are continuing an in-
vestigation to find the general potential of Lewis acid effects
on stereoselectivity in carbonyl ylide cycloadditions.

Experimental

General. For preparative column chromatography, Wakogel
C-300 and silica gel 60 (Merck) were employed. Medium-pres-
sure liquid chromatography was carried out using a column
packed with silica gel 60 (Merck, size 0.040-0.063 mm). All re-
actions were carried out under an argon atmosphere in dried glass-
ware.

Materials. o-(Methoxycarbonyl)-o~diazoacetophenone (1)
was prepared by a procedure mentioned in a previous paper.*
Benzene, toluene, diethyl ether, and THF were freshly distilled
from a sodium benzophenone ketyl under argon. CH,Cl, was pu-
rified by distillation first from CaCl,, and then CaH, under argon.
MeCN was purified by distillation first from P,Os, and then CaH,
under argon.

General Procedure is Given for the Reaction of a-Diazoace-
tophenone 1 with N-Methylmaleimide in the presence of
Yb(OTf);. To a solution of N-methylmaleimide (111 mg, 1.0
mmol), Rh,(OAc), (4.4 mg, 0.01 mmol), and Yb(OTf); (31.1 mg,
0.05 mmol) in CH,Cl, (5.0 mL) was added diazoacetophenone 1
(102 mg, 0.5 mmol) in CH,Cl, (5.0 mL) over a period of 1 h at
room temperature. The reaction mixture was filtered through a
plug of silica gel with AcOEt/hexane (1:1) as an eluent. The
crude mixture was analyzed by HPLC (WATERS Nova-Pak C18
column, 6:4 MeOH/H,0, flow rate = 0.5 mL min"!, endo-
isomer:fg = 8.5 min, exo-isomer fg = 9.3 min) using naphthalene
as the internal standard.

The reaction in the presence of MS 4A was as follows. To a so-
lution of N-methylmaleimide (111 mg, 1.0 mmol), Rhy(OAc), (4.4
mg, 0.01 mmol), Yb(OTf); (31.1 mg, 0.05 mmol), and MS 4A (0.5
g) in diethyl ether (5.0 mL) was added diazoacetophenone 1 (102
mg, 0.5 mmol) in diethyl ether (5.0 mL) over a period of 1 h at
room temperature. After removal of MS 4A through celite, the re-
action mixture was filtered through a plug of silica gel with AcO-
Et/hexane (1:1) as an eluent. The crude mixture was analyzed by
HPLC. The products could be separated by careful medium-pres-
sure liquid chromatography.

General Procedure for the Reaction of 1 with N-substituted
maleimide in the Presence of Chiral Catalyst. To a suspen-
sion of benzene—copper(I) trifluoromethanesulfonate(1/2)
(CuOTf*0.5C¢Hg, 25.2 mg, 0.10 mmol) in benzene (1.0 mL) was
added 2,2’-isopropylidenebis[(45)-4-r-butyl-2-oxazoline] (32.4
mg, 0.11 mmol) in benzene (4.0 mL) at room temperature. After
stirring for 1 h, the mixture was filtered and washed with benzene
(1.0 mL) under an argon atmosphere. After the addition of N-sub-
stituted maleimide (1.0 mmol), to this mixture was added diazoac-
etophenone 1 (102 mg, 0.5 mmol) over a period of 1 h. The mix-
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ture was stirred for 30 min and then concentrated in vacuo. The
residue was chromatographed over silica gel (4:6 AcOEt/hexane)
to give a mixture of exo- and endo-products. The endo:exo ratio
and %ee were determined by HPLC analysis (Daicel Chiralpak
AS).

Spectroscopic data of cycloadducts 2a—4a and 2b—4b were pre-
viously reported.’f

5,8-Epoxy-5-methoxy-N-methyl-9-0x0-6,7,8,9-tetrahydro-
5H-benzocycloheptene-6,7-endo-dicarboximide (2a): 'H
NMR (270 MHz, CDCl;) §2.40 (3H, s, NMe), 3.55 (3H, s, OMe),
3.82 (1H,d,J = 9.6 Hz, CH), 4.14 (1H, dd, J = 9.2, 9.6 Hz, CH),
5.12 (1H, d, J = 9.2 Hz), 7.5-8.0 (4H, m, Ar-H). = = 29.3 min
(minor), frg = 53.4 min (major), 1:1 hexane/i-PrOH, flow rate =
0.5 mL min~"'.

5,8-Epoxy-5-methoxy-N-methyl-9-0x0-6,7,8,9-tetrahydro-
5H-benzocycloheptene-6,7-exo-dicarboximide (2b): 'H NMR
(270 MHz, CDCl3) 63.09 (3H, s, NMe), 3.28 (1H, d, J = 7.6 Hz,
CH), 3.37 (1H, d, J = 7.6 Hz, CH), 3.51 (3H, s, OMe), 5.12 (1H,
s, CH), 7.5-8.1 (4H, m, Ar-H). tzr = 24.7 min (minor), tg = 37.6
min (major), 1:1 hexane/i-PrOH, flow rate = 0.5 mL min .

5,8-Epoxy-5-methoxy-N-ethyl-9-0x0-6,7,8,9-tetrahydro-5H-
benzocycloheptene-6,7-endo-dicarboximide (3a): 'H NMR
(270 MHz, CDCl;) 6 0.22 (3H, t, J = 7.3 Hz, Me), 3.01 (2H, q, J
= 7.3 Hz, CH,), 3.48 (3H, s, OMe), 3.73 (1H, d, J = 9.6 Hz, CH),
4.06 (1H, dd, J = 9.2,9.6 Hz, CH), 5.06 (1H, d, J = 9.2 Hz), 7.4—
8.0 (4H, m, Ar-H). #zx = 18.6 min (minor), tx = 32.2 min (major),
5:1 hexane/i-PrOH, flow rate = 0.5 mL min~".

5,8-Epoxy-5-methoxy-N-ethyl-9-0x0-6,7,8,9-tetrahydro-SH-
benzocycloheptene-6,7-exo-dicarboximide (3b): 'H NMR
(270 MHz, CDCl;) 6 1.23 (3H, t, J = 7.3 Hz, Me), 3.26 (1H, d, J
= 7.6 Hz, CH), 3.34 (1H, d, J = 7.6 Hz, CH), 3.51 (3H, s, OMe),
3.64 (2H, q, J = 7.3 Hz, CH,), 5.10 (1H, s, CH), 7.5-8.1 (4H, m,
Ar-H). tg = 34.0 min (minor), trg = 47.0 min (major), 5: 1 hexane/
i-PrOH, flow rate = 0.5 mL min™".

5,8-Epoxy-5-methoxy-N-phenyl-9-0x0-6,7,8,9-tetrahydro-
5H-benzocycloheptene-6,7-endo-dicarboximide (4a): 'H
NMR (270 MHz, CDCl) 6 3.59 (3H, s, OMe), 3.96 (1H, d, J =
9.6 Hz, CH), 4.31 (1H, dd, J = 9.2,9.6 Hz, CH), 5.22 (1H, d, J =
9.2 Hz, CH), 6.3-6.5 (2H, m, Ar-H), 7.1-7.4 (2H, m, Ar-H), 7.5-
7.8 (4H, m, Ar-H), 7.9-8.2 (1H, m, Ar-H). fr = 32.4 min (minor),
tg = 110.2 min (major), 1:1 hexane/i-PrOH, flow rate = 0.5 mL
min .

5,8-Epoxy-5-methoxy-N-phenyl-9-0x0-6,7,8,9-tetrahydro-
5H-benzocycloheptene-6,7-exo-dicarboximide (4b): 'H NMR
(270 MHz, CDCl;) 63.44 (1H, d, J = 7.6 Hz, CH), 3.50 (1H, d, J
= 7.6 Hz, CH), 3.56 (3H, s, OMe), 5.25 (1H, s, CH), 7.3-8.1 (9H,
m, Ar-H). #g = 27.4 min (minor), fx = 37.8 min (major), 1:1 hex-
ane/i-PrOH, flow rate = 0.5 mL min ..

General Procedure for the Reaction of 1 with Dimethyl Fu-
marate. To a solution of dimethyl fumarate (144.1 mg, 1.0
mmol), Rh,(OAc), (4.4 mg, 0.01 mmol), Yb(OTf); (31.1 mg, 0.05
mmol), and MS 4A (0.5 g) in CH,Cl, (5.0 mL) was added 1 (102.1
mg, 0.5 mmol) in CH,Cl, (5.0 mL) over a period of 1 h at room
temperature. After removal of MS 4A through celite, the solvent
was removed under reduced pressure. The products were obtained
as a mixture of 6-exo,7-endo isomer and 6-endo,7-exo isomer by
medium-pressure liquid chromatography using AcOEt/hexane
(1:4) as an eluent. The ratio was determined by either 'H NMR
and HPLC analysis (WATERS Nova-Pak CI18 column, 6:4
MeOH/H,0, flow rate = 0.5 mL min "', 6-exo0,7-endo isomer fr =
8.3 min, 6-endo,7-exo isomer tg = 9.4 min).

Spectroscopic data of cycloadducts S5a and Sb were previously

Ytterbium Triflate-Catalyzed Cycloaddition

reported.’!

References

1 a) “1,3-Dipolar Cycloaddition Chemistry,” ed by A. Padwa,
John Wiley & Sons, New York (1984), Vols. 1 and 2. b) G.
Desimoni, G. Tacconi, A. Barco, and G. P. Pollini, “Natural Prod-
uct Syntheses through Pericyclic Reactions,” ACS Monograph
180, American Chemical Society, Washington, DC (1983). c) P.
N. Confalone, and E. N. Huie, Org. React., 36, 1 (1988). d) E.
Breuer, H. G. Aurich, and A. Nielsen, “Nitrones, Nitronates and
Nitroxides,” John Wiley & Sons, Chichester (1989). e) K. B. G.
Torssell, “Nitrile Oxides, Nitrones and Nitronates in Organic Syn-
thesis,” VCH, New York (1988). f) K. V. Gothelf, and K. A.
Jgrgensen, Chem. Rev., 98, 863 (1998).

2 a) S. Murahashi, Y. Imada, M. Kohno, and T. Kawakami,
Synlett, 1993, 395. b) K. V. Gothelf, and K. A. Jgrgensen, J. Org.
Chem., 59, 5687 (1994). ¢) K. V. Gothelf, I. Thomsen, and K. A.
Jgrgensen, J. Am. Chem. Soc., 118, 59 (1996). d) K. V. Gothelf, R.
G. Hazell, and K. A. Jgrgensen, J. Org. Chem., 61, 346 (1996). e)
K. B. Jensen, K. V. Gothelf, R. G. Hazell, and K. A. Jgrgensen, J.
Org. Chem., 62, 2471 (1997). f) K. V. Gothelf and K. A.
Jgrgensen, Acta Chem. Scand., 50, 652 (1996). g) K. B. Jensen,
K. V. Gothelf, and K. A. Jgrgensen, Helv. Chim. Acta, 80, 2039
(1997). h) K. V. Gothelf, R. G. Hazell, and K. A. Jgrgensen, J.
Org. Chem., 63, 5483 (1998). i) S. Kobayashi, R. Akiyama, M.
Kawamura, and H. Ishitani, Chem. Lett., 1997, 1039. j) S.
Kobayashi and M. Kawamura, J. Am. Chem. Soc., 120, 5840
(1998). k) K. Hori, H. Kodama, T. Ohta, and I. Furukawa, Tetra-
hedron Lett., 37, 5947 (1996). 1) K. Hori, J. Ito, T. Ohta, and T.
Furukawa, Tetrahedron, 54, 12737 (1998). m) K. Hori, H.
Kodama, T. Ohta, and I. Furukawa, J. Org. Chem., 64, 5017
(1999). n) S. Kanemasa, Y. Oderaotoshi, J. Tanaka, and E. Wada,
J. Am. Chem. Soc., 120, 12355 (1998). The chiral Lewis acid-cat-
alyzed inverse-electron demand 1,3-dipolar cycloadditions of ni-
trones have been also reported. o) K. B. Jensen, R. G. Hazell, and
K. A. Jgrgensen, J. Org. Chem., 64, 2353 (1999). p) K. B.
Simonsen, P. Bayén, R. G. Hazell, K. V. Gothelf, and K. A.
Jgrgensen, J. Am. Chem. Soc., 121, 3845 (1999), and references
therein.

3 a) K. Ueda, T. Ibata, and M. Takebayashi, Bull. Chem. Soc.
Jpn., 45, 2779 (1972). b) T. Ibata, Chem. Lett. 1976, 233. c) M.
Hamaguchi, and T. Ibata, Tetrahedron Lett., 1974, 4475. d) T.
Ibata, T. Motoyama, and M. Hamaguchi, Bull. Chem. Soc. Jpn.,
49, 2298 (1976). e) T. Ibata, and K. Jitsuhiro, Bull. Chem. Soc.
Jpn., 52,3582 (1979). f) T. Ibata, K. Jitsuhiro, and Y. Tsubokura,
Bull. Chem. Soc. Jpn., 54, 240 (1981). g) H. Tamura, T. Ibata, and
K. Ogawa, Bull. Chem. Soc. Jpn., 57, 926 (1984). h) T. Ibata, and
J. Toyoda, Bull. Chem. Soc. Jpn., 58, 1787 (1985). i) T. Ibata, J.
Toyoda, M. Sawada, and T. Tanaka, J. Chem. Soc., Chem. Com-
mun., 1986, 1266.

4 a) A. Padwa and S. F. Hornbuckle, Chem. Rev., 91, 263
(1991). b) A. Padwa and M. D. Weingarten, Chem. Rev., 96, 223
(1996).

5 For the preliminary communication: H. Suga, H. Ishida,
and T. Ibata, Tetrahedron Lett., 39, 3165 (1998).

6 S. Kitagawa, M. Anada, O. Kataoka, K. Matsuno, C.
Umeda, N. Watanabe, and S. Hashimoto, J. Am. Chem. Soc., 121,
1417 (1999).

7 D. M. Hodgson, P. A. Stupple, and C. Johnstone, Chem.
Commun., 1999, 2185 and references therein.

8 Padwa and Dolye also reported Rh(I) catalyst-dependent



H. Suga et al.

changes in chemo-, regio-, and diastereochemistry during a car-
benoid-carbonyl reaction followed by carbonyl ylide formation: a)
A. Padwa, D. J. Austin, and S. F. Hornbuckle, J. Org. Chem., 61,
63 (1996). b) M. P. Doyle, D. C. Forbes, M. N. Protopopova, S. A.
Stanley, M. M. Vasbinder, and K. R. Xavier, J. Org. Chem., 62,
7210 (1997).

9 We also reported the stereocontrol of Yb(OTf);-catalyzed

Bull. Chem. Soc. Jpn., 74, No. 6 (2001) 1121

1,3-dipolar cycloaddition of carbonyl ylide with aromatic alde-
hydes and benzyloxyacetaldehyde: H. Suga, A. Kakehi, S. Ito, K.
Inoue, H. Ishida, and T. Ibata, Org. Lett., 2, 3145 (2000).

10 The ratio of adducts did not change when the adducts
(endo:exo = 26:74) were treated under reflux in benzene for 1.5h
in the presence of 5 mol% of CuOTf.




