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The carbonyl ylide 1,3-dipoles generated by dirhodium tetra-
acetate-catalyzed decomposition from 1-diazo-5-phenylpen-
tane-2,5-dione (4) and 1-(l-acetylcyclopropyl)-2-diazo-
ethanone (5) cycloadd to substituted methylenecyclopropanes
2a-e and bicyclopropylidene (3) to give substituted mono-,
di-, and trispirocyclopropanated 8-oxabicyclo[3.2.1]octan-2-
ones 7, 8, and 11 and 7-oxabicyclo[2.2.1]heptan-2-ones 10
and 12 in 6-75 % yields with different regio- and stereoselec-
tivities. The structures of the two isomeric cycloadducts en-
do- and exo0-10d formed from the carbonyl ylide derived from
5 and methyl 2-chloro-2-(cyclopropylidene)acetate (2d) were

confirmed by X-ray crystal structure analyses. (Diphenyl-
methylene)cyclopropane and trans-3-methylenecyclopro-
pane-1,2-dicarboxylate (diethyl ester of Feist's acid) did not
undergo such cycloadditions, while methylenecyclobutane
(13) afforded a mixture of [3+2] and [2+1] cycloadducts 14
and 15 in 28 and 29 % yields, respectively. The scope and
limitations of these cycloadditions as well as the influence of
different factors upon their regio- and stereoselectivities are
discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Multifunctional cyclopropane derivatives have estab-
lished their potential as useful building blocks in organic
synthesis.' 31 The release of strain upon any type of ad-
dition or cycloaddition onto alkenes such as cyclopropenes
(1), methylenecyclopropanes 2,51 and bicyclopropylidene
(3)[] results in enhanced reactivity, and this makes them
especially attractive for synthetic applications. In the rich
chemistry of these alkenes, their cycloadditions with reten-
tion of the cyclopropane ring are of special interest, since
the three-membered ring can, as a unique three-carbon
functional group, undergo subsequent transformations.
Whereas Diels—Alder reactions,’>62-6%1 1 3_-dipolar cycload-
ditions of nitrones and nitrile oxides,>®>*°®1 and Pauson—

1 For one of us (A. d. M.) this is to be considered as Part 105 in
the series “Cyclopropyl Building Blocks for Organic Synthesis”.
Part 104: M. Schelper, A. de Meijere, Eur. J. Org. Chem. 2005,
582-592. Part 103: A. de Meijere, H. Winsel, B. Stecker, Org.
Synth. 2004, 81, 14-25.
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Khand reactions®®7! have been investigated in great detail,
there was until recently no published example of a 1,3-di-
polar cycloaddition of a carbonyl ylide to any of the alkenes
1-3.
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The first reported examples of carbonyl ylide cycload-
ditions to alkyl- and aryl-substituted cyclopropenes 1 (R!
= Ph, R? = alkyl, aryl) proceeded in yields of up to 80 %,
but no reaction was observed with cyano- and methoxycar-
bonyl-substituted analogues.®] Here we report our results
concerning the reactivity of carbonyl ylides generated from
diazo ketones 4 ) and 5 °*!0] towards methylenecyclopro-
panes 2a—e and bicyclopropylidene (3).

Results and Discussion

The carbonyl ylide 6, generated by decomposition of 1-
diazo-5-phenylpentane-2,5-dione (4) under dirhodium
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tetraacetate catalysis conditions in the presence of (benzyli-
dene)cyclopropane (2a) in dichloromethane at ambient tem-
perature, gave the two diastereomeric cycloadducts endo-
and exo-7a as well as the regioisomer exo-8a in 6, 33, and
10 % isolated yields, respectively (total yield 49 %,
Scheme 1). The relative configurations of endo- and exo-7a
as well as exo-8a were established on the basis of their
NOESY NMR spectra. According to these, exo-8a is the
only isomer for which an interaction between the two me-
thine 1’-H (6 = 4.56 ppm) and 7'-H (6 = 3.19 ppm) protons
could be observed. This indicates that these two protons
must be positioned at neighboring carbon atoms, while endo-
7a and exo-7a should possess the opposite regiochemistry.
Ph [Rh(OAc),],

(03-0.7mol%) | Ph

E/;\l\o CIL,Cly, 20 °C [ :@o}

4 N2 6
Rl
2a-dR?
2-5 equiv.
o
1h O endo-7 O exo-7 O  exo-8
Starting R/ R®>  Product/Yield (%)
Material 2 endo-7 exo-T exo-8
a Ph H 6 33 10
b aC;His H 9 9 glal
¢ Br H 14 16 0
d CO,Me Cl 30 15 0

[2] Not separable.

Lo
THPO 2e

CH,Cl,,20°C, 1h
42%

OTHP

O 7Te

Scheme 1. Cycloadditions between the carbonyl ylide 6 and the
methylenecyclopropane derivatives 2a—e.

The coupling constant of close to zero between 1'-H and
7'-H in 8a indicates an exo orientation of the phenyl sub-
stituent in this isomer (otherwise a coupling constant of
about 8 Hz should be expected; cf. ref.’)). In its NOESY
spectrum, the cycloadduct exo-7a exhibits interactions be-
tween the methine proton 6’-H (6 = 3.55 ppm) and one of
the methylene protons of both the dihydropyran-3-one and
the cyclopropane moieties, and also between the methine
proton 1'-H (6 = 4.09 ppm) and one of the cyclopropyl pro-
tons, while in the endo isomer endo-7a both 1'-H (6 =
4.10 ppm) and 6’-H (6 = 3.51 ppm) each interact only with
one of the cyclopropyl protons. This assignment is consis-
tent with the stereochemical assignment for the cycloadduct
of the carbonyl ylide 6 with styrene.”’]

These results were used for analogous assignments of the
individual products in the mixtures of other cycloadducts
of 6. Thus, treatment of diazodione 4 with three equivalents
of 1-(cyclopropylidene)octane (2b) under the same condi-
tions afforded an inseparable mixture of almost equal quan-
tities of isomeric endo- and exo-7b as well as their re-
gioisomer exo-8b (26 % total yield, Scheme 1). With the
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same carbonyl ylide, (bromomethylene)cyclopropane (2c¢)
gave only the two diastereomeric cycloadducts endo- and
exo-Tc¢ in modest yields of 14 and 16 %, respectively
(Scheme 1). The NMR spectra of these compounds are very
similar to one another (see Exp. Sect.); however, none of
the samples showed an interaction between its methine pro-
tons in the NOESY spectra. The exo configuration was as-
signed to the isomer with its 6’-H methine proton signal
shifted by 0.25 ppm downfield, because of the through-
space influence of the bridging oxygen atom. The more
highly polar methyl 2-chloro-2-(cyclopropylidene)acetate
(2d),''1 which is known to possess enhanced reactivity as
a dienophile in Diels—Alder reactions with participation of
zwitterionic intermediates,! !4 also afforded only the two di-
astereomeric cycloadducts endo- and exo-7d — in 30 and
15 % yields, respectively — upon treatment with the carbonyl
ylide 6. Lastly, the cycloaddition between 6 and the ring-
substituted 2e proceeded without any diastereoselectivity to
give a mixture of all four possible diastereomeric cycload-
ducts 7e in 42 % yield.

The carbonyl ylide 6 thus does react with the substituted
methylenecyclopropane derivatives 2a—e, but with low selec-
tivities, and the corresponding cycloadducts 7 and 8 are ob-
tained only in low to moderate yields (2649 %). The best
yields were obtained with 2a and 2d, containing substitu-
ents conjugated with the double bonds.'?! For comparison,
the cycloaddition of 6 onto styrene, which is related to 2a,
proceeds unselectively to yield all four possible isomers.”]
In the case of methyl 2-chloro-2-(cyclopropylidene)acetate
(2d), the selective formation of endo- and exo-7d is a result
of the polarity of the substrate, and the slight endo selectiv-
ity is probably due to steric interactions between the phenyl
and the methoxycarbonyl substituents in the transition
state. For comparison, no cycloadducts were isolated from
the attempted reaction between 6 and diethyl trans-3-meth-
ylenecyclopropane-1,2-dicarboxylate (diethyl ester of Feist’s
acid), and this is consistent with the negative results of at-
tempted carbonyl ylide cycloadditions to cyclopropene 1
with electron-withdrawing cyano- and methoxycarbonyl
substituents.®!

Surprisingly, the cycloaddition between the spirocyclo-
propanated carbonyl ylide 9, generated in situ from the di-
azodiketone 5, and benzylidenecyclopropane (2a) furnished
an inseparable 1:2 mixture of the diastereomers endo- and
exo0-10a in only 6 % yield (Scheme 2). The structural assign-
ments of endo- and exo-10a are based on the characteristic
singlets of bridgehead 1’-H protons in the 'H NMR spec-
trum of the mixture.

On the other hand, the cycloaddition between 9 and
methyl 2-chloro-2-(cyclopropylidene)acetate (2d) was the
most efficient in the whole series, with the corresponding
dispirocyclopropanated endo- and exo-10d being isolated
after column chromatography in 52 and 23 % yields, respec-
tively (total yield 75 %). The structures of these cycload-
ducts endo- and exo-10d were established by X-ray crystal
structure analyses (Figure 1).[1%]

As in the previous case, 9 reacts with 2d regioselectively,
and the steric interactions between the methyl and the me-
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[l Not separable.

Scheme 2. Cycloadditions between the spiro-cyclopropanated car-
bonyl ylide 9 and methylenecyclopropane derivatives 2a and 2d.

Figure 1. Structures of the cycloadducts endo- (left) and exo-10d
(right) in the crystals.['?!

thoxycarbonyl substituents in the transition state favor the
formation of the endo-cycloadduct endo-10d.

Bicyclopropylidene (3) may be regarded as a more highly
strained cyclopropanated derivative of methylenecyclopro-
pane (2, R! = R? = R3 = H). As a consequence of its high-
lying HOMO (n-EL, = 8.93 eVI'¥ versus 9.64 eV for methyl-
enecyclopropanel'¥), in addition to its high total strain en-
ergy, 3 is uniquely reactive towards a wide range of electro-
philes and cyclophiles.[®*¢] In cycloaddition reactions with
carbonyl ylides, however, the nature of the latter appeared
to be more crucial: while the dispirocyclopropanated cyclo-
adduct 11 was isolated as a sole product from the reaction
between 3 (5 equiv.) and the ylide from diazo ketone 4 in
57 % yield, the trispirocyclopropanated 7-oxabicyclo[2.2.1]-
heptanone 12 was obtained in only 16 % yield (Scheme 3).
The structures of the cycloadducts 11 and 12 were assigned
from their '"H and '3C NMR spectra (see Exp. Sect.).

It should be underlined that no [2+1] cycloadduct was
isolated in any of the reactions discussed above. For com-
parison, the catalyzed decomposition of diazo ketone 4 in
the presence of methylenecyclobutane (13, 20 equiv.) did
not only yield the expected [3+2] cycloadduct 14 (28 %),
but also the [2+1] cycloadduct 15 (29 %, Scheme 3). Thus,
a methylenecyclobutane apparently has a weaker reactivity
than a methylenecyclopropane towards carbonyl ylide
cycloaddition, and the competing cyclopropanation of the
double bond wins over. The structures of the spirocyclobut-
anated 8-oxabicyclo[3.2.1]Joctanone 14 and the substituted
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Scheme 3. Cycloadditions of carbonyl ylides generated by catalytic
decomposition of diazodiketones 4 and 5 onto bicyclopropylidene
(3) and methylenecyclobutane (13).

spiro[2.3]hexane 15 were corroborated by their spectro-
scopic data.

Conclusions

Cycloadditions of carbonyl ylides are believed to be con-
trolled by HOMO,jxene—LUMOy;4. interactions (i.e., the
carbonyl ylide is conceived to be an acceptor, and the al-
kene, in this case a methylenecyclopropane, a donor of elec-
trons). Since the HOMO-LUMO energy gaps of carbonyl
ylides are among the smallest of the common 1,3-dipoles,!®]
the HOMOyi4e—LUMO,jiene type of interaction appears to
control the cycloadditions of carbonyl ylide 9 with methyl-
enecyclopropanes. An analogous reactivity pattern has pre-
viously been observed in cycloadditions of carbonyl ylides
onto terminal acetylenes.!'”l The ambiphilic natures of car-
bonyl ylides 6 and 9 are also evident from their reactivity
towards and mode of reaction with the electrophilic methyl-
enecyclopropane derivative 2d.

Experimental Section

General: NMR spectra were recorded with a Bruker AM 250
(250 MHz for 'H and 62.9 MHz for '>*C NMR) or a Bruker DPX
300 (300 MHz for 'H and 75.5 MHz for '*C NMR) instrument in
CDCl;, and multiplicities of '3C signals were determined by DEPT
(Distortionless Enhancement by Polarization Transfer) measure-
ments. Chemical shifts relate to ¢ ts = 0.00 ppm according to the
chemical shifts of residual CHCI; signals. IR: Bruker IFS 66 (FT-
IR) spectrophotometer, measured as solutions in CHCl;. MS (EI,
70 ¢V): Finnigan MAT 95 spectrometer. M.p.: Biichi 510 capillary
melting point apparatus, values are uncorrected. TLC: Macherey—
Nagel and Silufol precoated sheets, 0.25 mm Sil G/UV,s4. Column
chromatography: Merck silica gel, grade 60, 230-400 mesh. Start-
ing materials: (benzylidene)cyclopropane (2a),!'®! 1-(cyclopropylid-
ene)octane (2b),[1?! (bromomethylene)cyclopropane (2¢),?% methyl
2-chloro-2-(cyclopropylidene)acetate (2d),1?!] 2-[(2-methylenecyclo-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 595



FULL PAPER

A. de Meijere et al.

propyl)methoxy]tetrahydropyran (2e),1*?! bicyclopropylidene (3),[%
1-diazo-5-phenylpentane-2,5-dione (4),°4 1-(1-acetylcyclopropyl)-
2-diazoethanone (5),['°) and methylenecyclobutane (13)4 were
prepared by published procedures. Anhydrous dichloromethane
was obtained by distillation from P,Os. All operations in anhy-
drous CH,Cl, were performed under argon in flame-dried glass-
ware.

General Procedure (GP) for the Generation of Carbonyl Ylides and
Their Cycloadditions onto Methylenecyclopropane Derivatives: A
catalytic amount of dirhodium tetraacetate (0.3-0.7 mol %) was
added in one portion to a stirred solution of the appropriate diazo-
dione (1 equiv.) and the appropriate dipolarophile (1.2-20 equiv.)
in anhydrous CH,Cl,. Evolution of nitrogen was observed during
the first 10-20 min. The reaction mixture was stirred at ambient
temperature for an additional 1 h, the solvent was removed under
reduced pressure, and the products were isolated by column chro-
matography of the residue on silica gel, with elution with hexane/
ethyl acetate gradient mixtures unless otherwise stated.

endo-(1' R*,5' R*,6' R*)-5',6'-Diphenyl-7',7'-ethano-8'-oxabicyclo-
[3.2.1]octan-2"-one (endo-7a), exo-(1' R*,5' R*,6'S*)-5',6’-Diphenyl-
7', 7' -ethano-8'-oxabicyclo[3.2.1]octan-2'-one (exo-7a), and exo-
(1'R*,5' R*,7' R*)-5',7'-Diphenyl-6',6’-ethano-8'-oxabicyclo[3.2.1]oc-
tan-2'-one (exo-8a): Column chromatography (50 g of silica gel,
30 X 3cm column, hexane/EtOAc, 8:2) of the residue obtained
from diazodione 4 (209 mg, 1.03 mmol), benzylidenecyclopropane
(2a, 407 mg, 3.1 mmol, 3.0 equiv.), and [Rh(OAc),], (2mg, 0.4
mol %) in CH,Cl, (5 mL) as described in the GP afforded endo-7a
(18 mg, 6 %), exo-7a (103 mg, 33 %), and exo-8a (30 mg, 10 %).

Compound endo-7a: Colorless oil, Ry = 0.67. '"H NMR (300 MHz):
0=0.57(ddd, 7 =104, 5.9, 3.7 Hz, 1 H, CH,), 0.67 (ddd, J = 9.5,
5.9,5.3Hz, 1 H, CH,), 0.77 (ddd, J = 10.4, 5.5, 5.3 Hz, 1 H, CH,),
1.09 (ddd, J = 9.5, 5.5, 3.7Hz, 1 H, CH,), 2.22 (dt, J = 14.6,
9.5Hz, 1 H, CH,), 2.40 (m, 1 H, CH,), 2.65 (m, 1 H, CH,), 2.90
(dt, J = 18.3, 8.8 Hz, 1 H, CH,»), 3.51 (s, 1 H, CH), 4.10 (s, 1 H,
CH), 7.00-7.02 (m, 2 H, Ph-H), 7.18-7.21 (m, 2 H, Ph-H), 7.19-
7.35 (m, 6 H, Ph-H) ppm. '3C NMR (75 MHz): 6 = 1.4 (CH,), 9.3
(CH,), 16.1 (CH,), 29.8 (CH,), 33.4 (C), 62.7 (CH), 87.7 (CH),
88.4 (C), 124.5 (CH), 127.5 (CH), 127.8 (CH), 128.5 (CH), 128.8
(CH), 130.9 CH), 136.0 (C), 145.1 (C), 207.0 (C) ppm.

Compound exo-7a: Colorless solid, m.p. 116-119 °C, Ry = 0.59. IR:
v = 3045 cm™, 3030, 3020, 2960, 2935, 2860, 1740, 1500, 1450,
1285, 1270, 1085, 1050, 1020. '"H NMR (300 MHz): § = 0.30-0.38
(m, 1 H, CH,), 0.75-0.80 (m, 1 H, CH,), 0.84-0.95 (m, 2 H, CH,),
2.42 (ddd, J = 14.0, 10.7, 8.1 Hz, 1 H, CH,), 2.56-2.67 (m, 2 H,
CH,), 3.05 (ddd, J = 16.9, 10.7, 8.1 Hz, 1 H, CH,), 3.55 (s, | H,
CH), 4.09 (s, 1 H, CH), 6.95-7.18 (m, 10 H, Ph-H) ppm. '3C NMR
(75 MHz): 0 = 10.3 (CH,), 16.1 (CH,), 32.6 (C), 33.7 (CH,), 40.6
(CH,), 60.2 (CH), 88.0 (CH), 89.5 (C), 125.7 (CH), 126.4 (CH),
126.5 (CH), 127.8 (CH), 130.0 (CH), 141.4 (C), 143.3 (C), 206.0
(C) ppm. MS (EI): m/z (%) = 304 (30) [M*], 184 (12), 161 (100),
128 (14), 115 (21), 105 (30), 91 (20), 77 (18). C5;H»,0; (304.39):
caled. C 82.87, H 6.62; found C 82.81, H 6.66.

Compound exo-8a: Colorless solid, m.p. 145-148 °C, Ry = 0.53. IR:
v = 3045 cm!, 3030, 3020, 2960, 2935, 1740, 1500, 1450, 1270,
1105, 1080, 1060, 1045. '"H NMR (300 MHz): 6 = —0.08-0.05 (m,
2 H, CH,), 0.85 (ddd, J = 10.5, 7.6, 4.9 Hz, 1 H, CH,), 1.02 (dt, J
=10.5, 6.3 Hz, 1 H, CH,), 2.32-2.44 (m, 1 H, CH,), 2.63-2.71 (m,
2 H, CH,), 3.07 (ddd, J = 17.1, 10.5, 8.0 Hz, 1 H, CH,), 3.19 (s, 1
H, CH), 4.56 (s, 1 H, CH), 7.23-7.42 (m, 10 H, Ph-H) ppm. 3C
NMR (75 MHz): 6 = 10.8 (CH,), 13.2 (CH,), 33.5 (CH,), 35.5
(CH,), 36.2 (C), 56.9 (CH), 85.3 (C), 89.0 (CH), 124.8 (CH), 127.3
(CH), 127.9 (CH), 128.3 (CH), 129.0 (CH), 128.9 (CH), 141.9 (C),
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143.1 (C), 207.0 (C) ppm. MS (EI): m/z (%) = 304 (18) [M*], 247
(100), 128 (14), 115 (15), 105 (25), 91 (29), 77 (22).

endo-(1' R*,5' R*,6' R*)-6'-Heptyl-5'-phenyl-7’,7'-ethano-8'-oxabicy-
clo[3.2.1Joctan-2"-one (endo-7b), exo-(1'R*,5'R*,6'S*)-6'-Heptyl-
5'-phenyl-7’,7'-ethano-8'-oxabicyclo[3.2.1]-octan-2'-one  (exo-7b),
and exo-(1'R*,5'R*,7' R*)-7'-Heptyl-5'-phenyl-6’,6'-ethano-8'-oxa-
bicyclo|[3.2.1]octan-2'-one (exo-8b): Column chromatography [30 g
of silica gel, 30 X 2 cm column, hexane/EtOAc, Ry = 0.47 (hexane/
EtOAc, 9:1)] of the residue obtained from diazodione 4 (130 mg,
0.643 mmol), 1-(cyclopropylidene)octane (2b, 290 mg, 1.91 mmol,
3.0 equiv.), and [Rh(OAc),], (1.5 mg, 0.5 mol %) in CH,Cl, (2 mL)
as described in the GP afforded an inseparable mixture of endo-7b,
exo-7h, and exo-8b (55 mg, 26 %) as a colorless oil in a ratio of
36:35:29. The composition of this mixture was estimated by inte-
gration of the signals of the bridgehead 1’-H protons in the 'H
NMR spectrum (300 MHz): 6 = 3.83 (s, exo-7b), 3.85 (d, J =
1.4 Hz, exo-8b), 4.33 (s, endo-7b) ppm. '3*C NMR (75 MHz): 86.0;
88.0; 88.2 (bridge-head C-1’ carbon atoms), 85.1; 87.0; 87.6
(bridge-head C-5' carbon atoms), 205.2, 206.7, 208.9 (C=0 carbon
atoms) ppm.

endo-(1' R*,5' S*,6' R*)-6'-Bromo-5'-phenyl-7’,7'-ethano-8'-oxabicy-
clo[3.2.1]octan-2"-one  (endo-7¢) and exo-(1'R*,5'S*,6'S*)-6'-
Bromo-5'-phenyl-7',7'-ethano-8'-oxabicyclo|3.2.1]octan-2'-one (exo-
7¢): Column chromatography (30 g of silica gel, 30 X 2 cm column,
hexane/EtOAc) of the residue obtained from diazodione 4 (160 mg,
0.79 mmol),  (bromomethylene)cyclopropane  (2¢, 560 mg,
4.21 mmol, 5 equiv.), and [Rh,(OAc),], (2mg, 0.6 mol %) in
CH,Cl, (2mL) as described in the GP afforded endo-7¢ (34 mg,
14 %) and exo-Tc¢ (55 mg of ca. 70 % purity, calculated yield 16 %).

Compound endo-7¢: Colorless solid, m.p. 119-122°C, R; = 0.53
(hexane/EtOAc, 9:1). IR: ¥ = 3075 cm™!, 3040, 2970, 2940, 1740,
1450, 1285, 1250, 1235, 1115, 1040, 990, 960. '"H NMR (250 MHz):
0 =0.78-0.84 (m, 1 H, CH,), 0.90-0.97 (m, 1 H, CH,), 1.17-1.29
(m, 2 H, CH,), 2.30-2.38 (m, 1 H, CH,), 2.42-2.54 (m, 1 H, CH,),
2.95-3.11 (m, 2 H, CH,), 3.88 (d, J = 1.8 Hz, 1 H, CH), 4.40 (s, 1
H, CH), 7.34-7.40 (m, 3 H, Ph-H), 7.64-7.68 (m, 2 H, Ph-H) ppm.
13C NMR (62.9 MHz): 6 = 11.8 (CH,), 17.3 (CH,), 30.1 (C), 33.1
(CH,), 34.9 (CH,), 62.7 (CH), 86.2 (C), 86.5 (CH), 124.4 (CH),
128.0 (CH), 128.5 (CH), 142.0 (C), 204.3 (C) ppm. C;sH;sBrO,
(307.18): calcd. C 58.65, H 4.92; found C 58.65, H 4.91.

Compound exo-7¢: Colorless oil, Ry = 0.28 (hexane/EtOAc, 9:1). 'H
NMR (300 MHz): 6 = 0.88-1.04 (m, 1 H, CH,), 1.23-1.34 (m, 2
H, CH,), 1.35-1.43 (m, 1 H, CH,), 2.48-2.71 (m, 4 H, 2 CH,), 4.15
(s, 1 H, CH), 4.57 (s, 1 H, CH), 7.28-7.42 (m, 5 H, Ph-H) ppm.
13C NMR (75 MHz): § = 14.8 (CH,), 19.7 (CH,), 31.8 (C), 33.3
(CH,), 35.5 (CH,), 67.3 (CH), 85.8 (CH), 88.0 (C), 125.2 (CH),
127.9 (CH), 128.4 (CH), 144.4 (C), 205.4 (C=0) ppm.

Methyl endo-(1' R*,5' §*,6' $%)-6'-Chloro-2'-oxo-5'-phenyl-7',7'-
ethano-8'-oxabicyclo[3.2.1Joctane-6'-carboxylate  (endo-7d) and
Methyl exo-(1'R*,5' $*,6' R*)-6'-Chloro-2'-oxo0-5'-phenyl-7",7'-

ethano-8'-oxabicyclo[3.2.1]octane-6'-carboxylate (exo-7d): Column
chromatography (50 g of silica gel, 30 X 3 cm column, hexane/
EtOAc) of the residue obtained from diazodione 4 (140 mg,
0.692 mmol), methyl 2-chloro-2-(cyclopropylidene)acetate (2d,
217 mg, 1.5 mmol, 2 equiv.) and [Rh(OAc),], (1 mg, 0.3 mol %) in
CH,Cl, (3 mL) as described in the GP afforded endo-7d (66 mg,
30 %) and exo-7d (33 mg, 15 %).

Compound endo-7d: Colorless solid, m.p. 84-90 °C, Ry = 0.51 (hex-
ane/EtOAc, 8:2). IR: v = 3040 cm ™, 2960, 2850, 1745, 1450, 1415,
1350, 1325, 1270, 1050, 1040, 1030, 960, 945. '"H NMR (300 MHz):
0 =0.80 (ddd, J = 9.6, 8.0, 5.5Hz, 1 H, CH,), 1.14-1.33 (m, 2 H,
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CH,), 1.45 (ddd, J = 10.2, 8.0, 5.5 Hz, 1 H, CH,), 2.42-2.57 (m, 2
H, CH,), 2.92 (m, 1 H, CH,), 3.17-3.25 (m, 1 H, CH,), 3.86 (s, 3
H, CH;0), 4.13 (s, | H, CH), 7.33-7.41 (m, 3 H, Ph-H), 7.50 (d, J
= 6.2 Hz, 2 H, Ph-H) ppm. '*C NMR (75 MHz): § = 14.8 (CH,),
17.8 (CH,), 34.0 (CH,), 35.7 (CH,), 35.8 (C), 53.8 (CH;), 81.9 (O),
86.0 (CH), 91.8 (C), 125.6 (CH), 128.1 (CH), 128.3 (CH), 142.3
(C), 161.8 (C), 204.8 (C) ppm. C7H;,ClO, (320.77): calcd. C 63.66,
H 5.34; found C 63.64, H 5.58.

Compound exo-7d: Colorless solid, m.p. 167-170 °C, R; = 0.48 (hex-
ane/EtOAc, 8:2). IR: v = 3040 cm™!, 2955, 1745, 1450, 1415, 1120,
1060, 1050, 1000, 970, 955, 930, 910. 'H NMR (300 MHz): § =
0.71-0.80 (m, 1 H, CH,), 0.86-0.94 (m, 1 H, CH,), 1.27-1.41 (m,
2 H, CH,), 2.26-2.37 (m, 1 H, CH,), 2.45-2.54 (m, 1 H, CH,),
3.00-3.10 (m, 2 H, CH,), 3.25 (s, 3 H, CH;0), 4.05 (d, J = 1.4 Hz,
1 H, CH), 7.28-7.38 (m, 3 H, Ph-H), 7.57 (d, J = 7.3 Hz, 2 H, Ph-
H) ppm. '3C NMR (75 MHz): § = 12.6 (CH,), 18.2 (CH,), 33.6
(CH,), 34.7 (C), 37.3 (CH,), 53.3 (CH3), 82.2 (C), 86.9 (CH), 90.6
(C), 124.6 (CH), 128.4 (CH), 128.5 (CH), 140.4 (C), 169.4 (C),
203.7 (C) ppm. C;;H,ClO, (320.77): caled. C 63.66, H 5.34; found
C 63.49, H 5.64.

5'-Phenyl-7',7'-[1-(tetrahydro-2 H-pyran-2-yloxymethyl)-1,2-ethano]-
8'-oxabicyclo[3.2.1]Joctan-2'-one (7e¢): Column chromatography
(30 g of silica gel, 30 X 2 cm column, hexane/EtOAc, 8:2) of the
residue obtained from diazodione 4 (177 mg, 0.876 mmol), methyl-
enecyclopropane 2e (441 mg, 2.62 mmol, 3 equiv.), and [Rh(OAc)
2l (2mg, 0.5 mol %) in CH,Cl, (2mL) as described in the GP
afforded two fractions, each as a colorless oil, with Ry = 0.40 and
0.36. The first fraction (63 mg, 21 %) was a mixture of two diaste-
reomers of 7e in a ratio of ~ 3:1, as estimated by integration of the
signals of the bridgehead 1’-H protons and the CH-protons of the
tetrahydropyranyl group in the '"H NMR spectrum (300 MHz): &
= 3.76 (s), 3.83 (s) and 4.57 (m), 4.65 (m) ppm. *C NMR
(75 MHz): 0 = 84.7, 85.5 (C, bridgehead C-5 carbon atoms), 82.0,
88.9 (CH, bridgehead C-1' carbon atoms), 99.0, 99.6 (CH, tetrahy-
dropyranyl C-1 carbon atoms), 205.6, 205.8 (C=0 carbon atoms)
ppm. C,H»604 (342.43): caled. C 73.66, H 7.65; found C 73.67, H
7.68.

The second fraction (62 mg, 21 %) was a ca. 1:1 mixture of two
diastereomers of 7e. '"H NMR (300 MHz): § = 4.51 (m), 4.62 (m,
CH protons of THP group), 3.87 (s, overlapped 1’-H protons) ppm.
13C NMR (75 MHz): § = 85.0, 85.1 (C, bridgehead C-5' carbon
atoms), 89.0 (CH, overlapped bridgehead C-1’ carbon atoms), 99.2,
99.5 (CH, tetrahydropyranyl C-1 carbon atoms), 205.4, 205.5 (C=0
carbon atoms) ppm. C, Hs04 (342.43): caled. C 73.66, H 7.65;
found C 73.52, H 7.76.

endo-4'-Methyl-5'-phenyl-3',3":6’,6’-bis(ethano)-7’-oxabicyclo-|2.2.1]-
heptan-2'-one (endo-10a) and exo-4'-Methyl-5'-phenyl-3',3":6',6'-bis-
(ethano)-7'-oxabicyclo[2.2.1]heptan-2'-one (exo-10a): Column chro-
matography (30 g of silica gel, 30 X 2 cm column, hexane/EtOAc,
8:2, Ry = 0.40) of the residue obtained from diazodione 5 (212 mg,
1.40 mmol), (benzylidene)cyclopropane 2a (545 mg, 4.2 mmol, 3
equiv.), and [Rh(OAc);], (2 mg, 0.3 mol %) in CH,Cl, (S5mL) as
described in the GP afforded a 1:2 mixture of endo- and exo-10a
(21 mg, 6 %), as estimated by integration of the methine proton
signals in the "TH NMR spectrum (300 MHz): § = 2.54 (s), 3.92 (s,
methine 5'-H protons), 4.24 (s), 4.99 (s, bridgehead 1'-H protons)
ppm. 3C NMR (75 MHz): § = 86.3, 86.8 (bridgehead C-1" carbon
atoms), 90.0 (overlapped, bridgehead C-4’ carbon atoms), 209.8,
211.0 (C=0 carbon atoms) ppm.

Methyl endo-(1' R* ,4' §*,5' §*)-5'-Chloro-4’-methyl-2'-0x0-3',3":
6',6'-bis(ethano)-7'-oxabicyclo[2.2.1]heptane-5'-carboxylate (endo-
10d) and Methyl endo-(1'R*,4'S*,5' R*)-5'-Chloro-4'-methyl-2'-
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0x0-3',3":6',6’-bis(ethano)-7'-oxabicyclo|2.2.1]heptane-5'-carboxyl-

ate (exo-10d): Column chromatography (30 g of silica gel, 30 x
2 cm column, hexane/EtOAc, 8:2) of the residue obtained from di-
azodione 5 (145 mg, 0.96 mmol), methyl 2-chloro-2-(cyclopropylid-
ene)acetate (2d, 280 mg, 1.9 mmol, 2 equiv.), and [Rh(OAc),],
(1.5 mg, 0.4 mol %) in CH,Cl, (2mL) as described in the GP af-
forded endo-10d (136 mg, 52 %) and exo-10d (60 mg, 23 %).

Compound endo-10d: Colorless solid, m.p. 67-68 °C, Ry = 0.56. 'H
NMR (300 MHz): 6 = 0.91 (ddd, J = 10.0, 8.1, 5.8 Hz, 1 H, CH,),
0.96-1.06 (m, 2 H, CH,), 1.17-1.32 (m, 4 H, 2 CH,), 1.60 (s, 3 H,
CHs;), 1.81 (ddd, J = 10.0, 7.0, 54 Hz, 1 H, CH,), 3.73 (s, 3 H,
CH;0), 3.85 (s, 1 H, CH) ppm. 3C NMR (75 MHz): § = 11.7
(CH,), 13.3 (CH,), 15.1 (CH3), 16.2 (CH,), 16.3 (CH,), 34.0 (C),
35.5(C), 53.0 (CH3), 86.7 (CH), 91.5 (C), 161.8 (C), 208.5 (C) ppm.
C3H,5ClO, (270.71): caled. C 57.68, H 5.58; found C 57.83, H
5.63.

Compound exo-10d: Colorless solid, m.p. 104 °C, R, = 0.37. 'H
NMR (300 MHz): 6 = 0.83-0.94 (m, 3 H, CH,), 1.09-1.17 (m, 1
H, CH,), 1.20-1.41 (m, 3 H, CH,), 1.34 (s, 3 H, CH3), 1.59 (ddd,
J=10.3,6.5,5.4Hz, 1 H, CH,), 3.85 (s, 3 H, CH30), 3.96 (s, 1 H,
CH) ppm. '3C NMR (75 MHz): 6 = 11.1 (CH,), 14.1 (CH,), 14.3
(CHs;), 15.1 (CH,), 15.6 (CH,), 34.6 (C), 38.4 (C), 53.8 (CH3), 85.9
(CH), 91.6 (C), 169.4 (C), 208.5 (C) ppm. C;3H;5ClO4 (270.71):
caled. C 57.68, H 5.58; found C 57.72, H 5.54.

(1’ R*,5'S*)-5'-Phenyl-6',6':7',7'-bis(ethano)-8'-oxabicyclo[3.2.1]oc-
tan-2'-one (11): Column chromatography (30 g of silica gel, 30 X
2 cm column, hexane/EtOAc, 9:1, Ry = 0.41) of the residue ob-
tained from diazodione 4 (165 mg, 0.82 mmol), bicyclopropylidene
3, 329 mg, 385 uL, 4.1 mmol, 5 equiv.), and [Rh(OAc),], (2 mg,
0.6 mol %) in CH,Cl, (5 mL) as described in the GP afforded 11
(118 mg, 57 %) as a colorless solid, m.p. 110-113°C. IR: V =
3080 cm!, 3060, 3020, 2965, 2940, 1740, 1450, 1250, 1220, 1075,
1060, 1040. '"H NMR (300 MHz): 6 = -0.16 (dt, J = 10.0, 6.0 Hz,
1 H, CH,), 0.00 (dt, J = 10.0, 6.0 Hz, 1 H, CH,), 0.26-0.34 (m, 1
H, CH,), 0.46-0.57 (m, 4 H, 2 CH,), 0.79-0.84 (m, 1 H, CH,), 2.35
(ddd, J = 13.5, 11.0, 7.0 Hz, 1 H, CH,), 2.53-2.66 (m, 2 H, CH,),
2.99 (ddd, J = 18.0, 11.0, 8.5Hz, 1 H, CH,), 3.99 (s, | H, CH),
7.28-7.39 (m, 5 H, Ph-H) ppm. 1*C NMR (75 MHz): 6 = 4.8 (CH»),
7.0 (CH,), 9.5 (CH,), 13.3 (CH,), 30.0 (C), 32.5 (C), 33.7 (CH,),
34.7 (CH,), 86.2 (C), 88.7 (CH), 125.3 (CH), 127.9 (CH), 128.7
(CH), 142.2 (C), 206.6 (C) ppm. MS (EI): m/z (%) = 254 (14) [M 1],
225 (57), 211 (16), 197 (76), 183 (41), 169 (48), 155 (64), 141 (74),
128 (44), 115 (86), 105 (88), 91 (83), 77 (100), 65 (22), 51 (37), 41
(22). Cy7 H30; (254.33): caled. C 80.29, H 7.13; found C 80.00, H
7.12.

(1'R*,4' S*)-4'-Methyl-3',3":5',5":6',6'-tris(ethano)-7'-oxabicyclo-
[2.2.1]heptan-2'-one (12): Column chromatography (30 g of silica
gel, 30 X 2 cm column, hexane/EtOAc, 9:1, R; = 0.36) of the residue
obtained from diazodione 5 (190 mg, 1.25 mmol), bicyclopropylid-
ene (3, 300 mg, 352 pL, 3.75 mmol, 3 equiv.), and [Rh(OAc),],
(2 mg, 0.4 mol %) in CH,Cl, (3 mL) as described in the GP af-
forded 12 (41 mg, 16 %) as a colorless solid, m.p. 78-81 °C. IR: ¥
= 3085 cm!, 3040, 3020, 2970, 2940, 1760, 1465, 1390, 1340, 1265,
1255, 1135, 1115, 1070, 1040, 1030, 1020, 1010, 980, 960, 940. 'H
NMR (300 MHz): 6 = 0.09-0.17 (m, 1 H, CH,), 0.21-0.41 (m, 4
H, 2 CH,), 0.56-0.63 (m, 1 H, CH,), 0.70 (dt, J = 10.0, 5.0 Hz, 1
H, CH,), 0.78-0.84 (m, 2 H, CH,), 0.95 (ddd, J = 9.6, 7.3, 3.6 Hz,
1 H, CH,), 1.03 (s, 3 H, CH3), 1.14 (ddd, /= 9.5, 6.5,3.6 Hz, | H,
CH,), 1.24 (ddd, J = 8.4, 6.5, 3.7Hz, | H, CH,), 3.92 (s, | H, CH)
ppm. 3C NMR (75 MHz): § = 4.5 (CH,), 5.7 (CH,), 5.9 (CH,),
10.1 (CH,), 11.8 (CH,), 12.5 (CH,»), 13.9 (CH3), 28.4 (C), 32.9 (C),
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38.3 (C), 86.7 (CH), 86.9 (C), 211.5 (C ) ppm. C13H,405 (204.26):
caled. 76.44, H 7.90; found C 76.37, H 7.79.

(1'R*,5' R*)-5'-Phenyl-7',7'-tris(methyleno)-8'-oxabicyclo[3.2.1]oc-
tan-2'-one (14) and 1-Phenyl-4-(spiro|2.3]hex-1-yl)butane-1,4-dione
(15): Column chromatography (30 g of silica gel, 30 X 2 cm column,
hexane/EtOAc, 9:1) of the residue obtained from diazodione 4
(171 mg, 0.85 mmol), methylenecyclobutane (13, 1.16 g, 1.57 mL,
17 mmol, 20 equiv.), and [Rh(OAc),], (2 mg, 0.5 mol %) in CH,Cl,
(2mL) as described in the GP afforded 14 (57 mg, 28 %) and 15
(59 mg, 29 %).

Compound 14: Colorless solid, m.p. 71 °C, Ry = 0.44. IR: ¥ = 3040,
2985, 2960, 2940, 2880, 2860, 1735, 1450, 1250, 1070, 1045, 1030.
'H NMR (250 MHz): § = 1.83-2.59 (m, 10 H, 5 CH,), 2.41 (d, J
= 13.0 Hz, 1 H, CH,), 2.57 (d, J = 13.0 Hz, 1 H, CH,), 4.31 (s, 1
H, CH), 7.24-7.49 (m, 5 H, Ph-H) ppm. '3*C NMR (62.9 MHz): §
=16.2 (CH,), 28.1 (CH,), 33.9 (CH,), 37.9 (CH,), 38.5 (CH,»), 47.8
(C), 50.8 (CH,), 83.9 (C), 91.5 (CH), 124.3 (CH), 126.9 (CH), 128.2
(CH), 145.0 (C), 206.2 (C) ppm. MS (EI): m/z (%) = 242 (47) [M™],
214 (12), 172 (15), 159 (37), 144 (53), 129 (78), 115 (68), 91 (70),
77 (100), 65 (19), 51 (44), 41 (55). C;sH 30, (242.32): caled. C
79.31, H 7.49; found C 79.37, H 7.49.

Compound 15: Colorless oil, Ry = 0.42. IR: ¥ = 3045, 3030, 3010,
2990, 2960, 2940, 2860, 1735, 1700, 1600, 1450, 1400, 1370, 1330,
1255, 1190, 1110, 1090, 1040, 1010, 1000. '"H NMR (250 MHz): 6
= 1.04-1.09 (m, 1 H, CH»), 1.30-1.35 (m, 1 H, CH,), 1.98-2.13
(m, 6 H, 3 CH,»), 2.18-2.33 (m, 1 H, CH), 2.97-3.04 (m, 2 H, CH,),
3.23-3.31 (m, 2 H, CH,), 7.41-7.55 (m, 2 H, Ph-H), 7.96-8.01 (m,
3 H, Ph-H) ppm. *C NMR (62.9 MHz): 6 = 16.6 (CH,), 22.8
(CH,), 27.5 (CH,), 30.9 (CH,), 32.2 (CH,), 33.4 (CH), 33.9 (C),
37.7 (CH,), 128.0 (CH), 128.4 (CH), 132.9 (CH), 136.7 (CH), 159.1
(C), 198.7 (C), 206.8 (C) ppm. MS (EI): m/z (%) = 242 (24) [M™],
214 (28), 161 (26), 137 (26), 123 (32), 105 (83), 94 (100), 81 (14).
Ci6H;30, (242.32): caled. C 79.31, H 7.49; found C 79.00, H 7.37.
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