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The stereoselective preparation of highly substituted
oxygen heterocycles, especially structurally complex
tetrahydrofurans and tetrahydropyrans, has attracted
considerable attention in recent years.!? These me-
dium-size cyclic ethers are becoming increasingly rec-
ognized as common structural units in naturally oc-
curring compounds such as the ionophores,?® the bre-
vetoxins,* and other marine natural products.® Due to
the increasing interest in these bioactive molecules and
the well-recognized problems in building midsize rings,
the synthesis of such systems becomes a challenging
objective.

Although a variety of methods exist for dihydro- and
tetrahydrofuran synthesis,!® few of these are based on
an annulation strategy,” and of those that are, single-
step procedures are uncommon.?® Conceptually, the
1,3-dipolar cycloaddition of carbonyl ylides with =-
bonds represents an attractive strategy for tetra-
hydrofuran formation.!® Common methods for car-
bonyl ylide generation involve the thermolysis or pho-
tolysis of epoxides possessing electron-withdrawing
substituents,!"12 the thermal extrusion of nitrogen from
1,3,4-oxadiazolines,'*"18 and the loss of carbon dioxide
from 1,3-dioxolan-4-ones.!” One of the simplest routes
for the generation of carbonyl ylides involves the ad-
dition of a carbene or carbenoid onto the oxygen atom
of a carbonyl group. This can be readily achieved by
the transition-metal-catalyzed decomposition of a diazo
ketone in the presence of a carbonyl group.
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In recent years, a widespread upsurge of activity in
the application of carbonyl ylides to new synthetic
transformations has occurred.!® This research has also
stimulated interest in the use of carbenes and carbe-
noids as reactive intermediates for the generation of
other types of ylides.!® A diverse range of chemistry
has already surfaced.!® It is the intent of this Account
to broadly define the boundaries of our present
knowledge in this field. Such an overview will put into
perspective what has been accomplished and will
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hopefully provide impetus for further investigation of
this general approach for organic synthesis.

Carbonyl Ylide Formation

Many studies support the intermediacy of carbonyl
ylides in reactions involving the interaction of a carbene
with a carbonyl oxygen.?>? Reactions of carbalkoxy-
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carbenes with carbonyl compounds were described as
early as 1885,%6 and the structures of the dioxolane
products were proposed in 1910.2 Huisgen and de
March were the first to examine the reaction in detail
and to trap a carbonyl ylide with a number of reagents,
including the carbonyl compound itself to produce a
dioxolane.?? The intramolecular carbene—carbonyl
cyclization represents one of the most effective methods
for generating carbonyl ylides. Ibata and co-workers®
nicely demonstrated the utility of the method by
studying the transition-metal-catalyzed decomposition
of o-(alkoxycarbonyl)-a-diazoacetophenone in the
presence of various dipolarophiles. A typical example
involves treating o-(alkoxycarbonyl)-a-diazoaceto-
phenone (1) with a catalytic amount of copper acetyl-
acetonate. Evolution of nitrogen, followed by carbonyl
ylide formation, generated a reactive dipole which could
be trapped by N-phenylmaleimide to give cycloadduct
3 in high yield. Cycloadditions using the benzopyrylium
oxide ylide 2 have been extensively studied by Ibata and
his co-workers.3?
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The tandem cyclization—cycloaddition methodology
was further extended by the intramolecular trapping
of the carbonyl ylide dipole with a C-C double bond
suitably placed within the molecule. Bien and co-
workers®! reported on the transition-metal-catalyed
decomposition of diazo ketone 4 to give 8-ethoxy-1-
methyl-9-oxatricyclo[3.2.1.1]nonan-2-one (6) as the
major product together with lesser quantities of 7 and
8. This result is consistent with the formation of a
five-membered cyclic carbonyl ylide, which is followed
by intramolecular trapping by the tethered olefin.

These same workers have also studied the catalytic
decomposition of bis diazo ketone 9.3 The formation
of cycloadduct 12 is a unique case in which two diazo
ketone moieties in the same molecule, under the influ-
ence of the same catalyst, reacted in different ways.
One of the diazo groups underwent addition to the
double bond to give bicyclo[4.1.0]heptane 10, which
subsequently cyclized to generate the carbonyl ylide
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intermediate 11. Intramolecular trapping of this ylide
ultimately afforded the isolated product 12.
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An attractive feature of the above tandem cycliza-
tion—cycloaddition process is the opportunity to control
the stereochemistry of the product at several different
centers. The resulting product represents a highly
functionalized rigid bicyclic system that is amenable to
subsequent synthetic elaboration. This tandem cycli-
zation—cycloaddition sequence has been extensively
used in our laboratories as a method for synthesizing
a variety of oxapolycyclic ring systems.3>*  For exam-
ple, treatment of o-[(alk-3-enyloxy)carbonyl]-a-diazo-
acetophenone 13 with rhodium(II) acetate resulted in
initial cyclization to produce a six-membered-ring car-
bony! ylide, which underwent a subsequent intramo-
lecular dipolar cycloaddition with the neighboring
double bond to give cyclohepta[l,2-b]lfuranone 14 in
87% yield.?? When the reaction was carried out in the
presence of dimethyl acetylenedicarboxylate, the only
product obtained was the bimolecular dipolar cyclo-
adduct 15. In this case, the stabilized carbonyl ylide
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prefers to cycloadd with the activated external dipola-

rophile as opposed to reacting with the unactivated
internal =-bond.
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Most of the examples of intramolecular carbonyl ylide
formation reported involve systems in which the keto
metallocarbenoid and the remote ester carbonyl group
are substituted ortho to one another on a benzene ring.
This arrangement provides interatomic distances and
bond angles that are ideal for dipole formation. To
simultaneously test the geometric and electronic re-
quirements of dipole formation, the 1-diazo-2,5-pen-
tanedione system 16 was studied.?®?* In this system,
the dipole is formed by attack of a less nucleophilic
ketonic carbonyl, and the tether is a simple dimethylene
chain, introducing a conformational “floppiness” not
available in the previously studied benzo systems.
Diazo ketone 16 was treated with rhodium(II) acetate
in the presence of various dipolarophiles. When di-
methyl acetylenedicarboxylate was used as the trapping
agent, cycloadduct 17 was produced in excellent yield.
In the presence of benzaldehyde, only one regioisomer
was formed (i.e., 18). The reaction of 16a with methyl
propiolate afforded cycloadduct 19a whereas the cy-
cloaddition of 16b with the same alkyne gave rise to a
4:1 mixture of two regioisomers (19b and 20b) in 78%
overall yield. The major regioisomer formed is con-
sistent with the expected product predicted by FMO
theory. The most favorable FMO interaction is between
the HOMO of the dipole and the LUMO of the dipo-
larophile.
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This methodology has been applied to the synthesis
of exo- and endo-brevicomin.?+3% Thus, treatment of

Padwa

1-diazo-2,5-hexanedione with rhodium(II) acetate in the
presence of propionaldehyde afforded the 6,8-dioxabi-
cyclo[3.2.1]octane ring system in 60% isolated yield as
a 2:1 mixture of exo (21) and endo (22) isomers. The
isomers were separated by silica gel chromatography
and were subsequently carried on to exo- and endo-
brevicomin (23 and 24) in good yield.
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The use of aliphatic esters to form carbonyl ylides has
also been examined.** Treatment of diazo keto ester
28 with a catalytic amount of rhodium(II) acetate in
benzene led to the formation of 29 (53%) together with
a complex mixture of products, none of which appeared
to arise from cycloaddition of a carbonyl ylide inter-
mediate. This result was found to be quite general for
a series of aliphatic esters. In contrast, when the closely
analogous keto system 25 was treated under identical
conditions, the intramolecular cycloadduct 27 was
produced in excellent yield. The results encountered
with these two systems indicate that the differences
between ketones and esters are not well understood.
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Replacement of a methylene group in the two-carbon
tether with an oxygen atom would generate precursors
for various dioxanones following the cyclization—cyclo-
addition reaction sequence.®® However, when diazo
ester 30 was treated with rhodium(II) acetate in the
presence of dimethyl acetylenedicarboxylate, cyclo-
heptatriene 31 was the only product formed. No cy-

\n/lk Ph/ﬁ\/ oY@

cloadduct resultlng from carbonyl ylide formation was
observed. One possible explanation for the differing
reactivity of the a-diazoacetate system is the inherent
decrease in electrophilic character conferred upon the
intermediate rhodium carbenoid when the diazo ketone

—0

No Intramolecular
Cycioaddition

Rh,(OAc).

banzena

(44) Padwa, A.; Hornbuckle, S. F.; Fryxell, G. E.; Stull, P. D. J. Org.
Chem. 1989, 54, 817.
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is replaced by a diazoacetate functionality. This de-
crease in electrophilicity may attenuate the rate of
carbenoid attack on the remote carbonyl group to the
point where an alternative pathway can occur. To
compensate for this diminished electrophilicity, the
hydrogen of the diazo carbon atom was substituted with
an electron-withdrawing group. Thus, treatment of
ethyl diazomalonate 32 with rhodium(II) acetate in the
presence of dimethyl acetylenedicarboxylate, methyl
acrylate, or vinyl acetate afforded cycloadducts 33-35,
respectively.

CO,CHy OAc
Rh** O Nyo -COEt RN*
Phal N COEl e —— Phal O] COEt
methyl vinyl
1
acrylate acetate o o
34 35
RH*
DMAD
CH30,C, CO,CH3

~
(o} o

33

The primary spatial requirement for carbonyl ylide
formation is that the distance between the two reacting
centers should be sufficiently close so that effective
overlap of the lone pair of electrons on the carbonyl
group with the metallocarbenoid center can occur. The
effect that variation in the spatial proximity between
the carbonyl group and the diazo ketone would have on
the course of the reaction was studied by varying the
length of the methylene tether separating the two
functionalities. The majority of systems examined in
the literature have involved the formation of a six-
membered-ring carbonyl ylide intermediate. Systems
that are separated by a single methylene group should
form five-membered-ring ylides. In fact, treatment of
diazo ketone 36 with a catalytic amount of rhodium(II)
acetate at 25 °C in benzene with dimethyl acetylene-
dicarboxylate afforded cycloadduct 37 in 85% yield.?’
The cycloaddition reaction proceeded with complete
diastereofacial selectivity with approach of the dipola-
rophile from the a-face. Similar treatment of 36 with
methyl propiolate produced cycloadduct 38 in 72%
isolated yield. The tandem cyclization—cycloaddition
reaction was also carried out in the presence of benz-
aldehyde to give the bicyclic ketal 39 in 66% yield.
Approach from the a-face of the dipole is the preferred
process because of the severe steric interaction with the
bridgehead gem-dimethyl group associated with 3-at-
tack.

CHy CHs CHa

CH, CH, CH,
PhCHO RCE=CCO,CH;
B ————
Rha(OAc), Rha(OAC)s
0 d 0 o
0, O N,CH CH,0,C
Ph? 36 R
37; R = CO,CH;
39 38; R=H

Cyclopropyl-substituted diazo ketone 40 was also
treated with rhodium(II) acetate in the presence di-
methyl acetylenedicarboxylate, methyl propiolate, N-
phenylmaleimide, ethyl cyanoformate, and methyl
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propargyl ether. This produced the analogous cyclo-
adducts 41-45 in high yield.?” It would appear that
decreasing the methylene side chain by one carbon
atom does not significantly affect the facility by which
diazo ketones undergo the cyclization reaction.

0 o
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When the connecting chain contains three methylene
units, a seven-membered-ring carbonyl ylide interme-
diate should form.?” Indeed, the rhodium(II)-catalyzed
reaction of 1-diazo-6-phenyl-2,6-hexanedione (46) in
benzene with dimethyl acetylenedicarboxylate (or
methyl propiolate) afforded a 2:1 mixture of products.
The major product corresponded to the expected cy-
cloadduct 47 whereas the minor component was iden-
tified as cycloheptatriene 48. This compound is derived
from a bimolecular addition of the rhodium carbenoid
onto benzene, followed by ring tautomerization. The
formation of a mixture of products in this case indicates
that extending the tether to three methylene groups
sufficiently retards the rate of intramolecular cyclization
s0 as to allow the bimolecular reaction with benzene to

OoCccur.
0 PhCO(CHZs/°
I\)l\ Rh.(OAc).
CHN,
+
benzene
o en 6 RCE=CCO,CH,
PH 'CO,CHy
47; R = CO,CHa

Trapping the carbonyl ylide dipole intramolecularly
has proven to be an effective method for synthesizing
complex polycyclic heterocycles. Varying the length of
the tether that separates the olefin from the carbonyl
ylide dipole allows for the synthesis of a variety of in-
teresting oxopolycyclic ring systems. Olefinic double
bonds tethered to the carbonyl group by three methy-
lene units were shown to cyclize most efficiently. Thus,
when diazo ketone 49 was treated with rhodium(Il)
acetate in the presence of dimethyl acetylenedi-
carboxylate, cycloadduct 53 was the only product
formed.?® The intramolecular trapping reaction occurs
at such a fast rate that the bimolecular cycloaddition
reaction cannot compete with it. The homologous diazo
ketone 50 was also treated with catalytic rhodium(II)
acetate in benzene at 25 °C, producing cycloadduct 54
in 50% yield. In this case, the carbonyl ylide could be
readily trapped with dimethyl acetylenedicarboxylate,
giving the bimolecular cycloadduct 55 as the exclusive
cycloadduct. Increasing the length of the tether to five
methylene units gave no internal cycloadduct. Ap-
parently, the m-bond is not close enough to the dipole
to allow the cycloaddition to occur. Diazo ketone 51,
which contains only two methylene units in the tether,
produced none of the internal cycloadduct. Clearly the
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intramolecular trapping of carbonyl ylides by tethered
olefins occurs best when the tether contains three or
four methylene units. The internal cycloaddition fails
to occur when the tether contains fewer than three or
more than four methylene carbons.

[} CH;
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A similar cyclization—cycloaddition reaction was also
found to occur with the vinylogous keto carbenoid 58.
Treatment of diazo ketone 56 with rhodium(II) acetate
in the presence of N-phenylmaleimide gave adduct 60
in 60% yield. This result is consistent with intramo-
lecular cyclopropenation of the alkyne by the rhodium
carbenoid to give the highly strained cyclopropene 57,
which undergoes spontaneous ring opening to produce
vinyl carbenoid 58. Interaction of this species with the
adjacent carbonyl oxygen generates the resonance-sta-
bilized dipole 59, which then cycloadds across the ac-
tivated w-bond of N-phenylmaleimide to produce
product 60. This structure was established by an X-ray
single-crystal structure analysis.®
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Carbonyl Ylide Formation from Imides,
Carbamates, Amides, and Anhydrides

Although carbonyl ylides have been postulated as
intermediates in many reactions, very few of these di-
poles have actually been isolated and characterized.
One of the earliest examples involving the isolation of
a stable carbonyl ylide was reported by Ibata and
Hamaguchi in 1974, Diazo amide 61 was heated in
benzene at 80 °C under a nitrogen atmosphere in the
presence of Cu(acac),, producing N-methyl-2-phenyl-
5-(p-nitrophenyl)anhydro-4-hydroxy-1,3-oxazolium hy-
droxide (62) in 85% yield as a red crystalline solid,
which was stable in air for several weeks. Mesoionic
oxazolium ylides such as 62 have been termed
isomlnchnones, and they correspond to the cyclic
equivalents of a carbonyl ylide. Dipole 62 was found
to react with dimethyl fumarate in benzene at 80 °C,

(45) Hamaguchi, M.; Ibata, T. Chem. Lett. 1975, 499. Hamaguchi, M.;
Ibata, T. Tetrahedron Lett. 1974, 4475.
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giving rise to cycloadduct 63 in only a few minutes in

quantitative yield.
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Intramolecular cycloadditions of isominchnones,
formed by the rhodium(II) acetate decomposition of
N-(diazoacetylacetyl)alkeneamides, have been inde-
pendently realized by Maier*® and Padwa.‘*7 A so-
lution of diazo amide 64 in toluene was added dropwise
to a refluxing mixture of rhodium(II) acetate in toluene,
producing cycloadduct 66 in 91% yield. The interme-
diate isomiinchnone 65 was not isolated in this case.
The relative stereochemistry of cycloadduct 66 was
established by X-ray analysis, which showed that the
addition of the olefin took place endo with regard to the
1,3-dipole and anti to the methyl group on the =-bond
chain.
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The cycloadducts derived from the intramolecular
cycloaddition reactions of acetylenic isomiinchnones
fragment spontaneously under the reaction conditions
to afford annulated furans.** Thus, treatment of
acetylenic diazo amide 67 under the same conditions
as used above produced 4,5,6,7-tetrahydrobenzofuran
70 in 60% yield. This result was interpreted in terms
of carbonyl ylide formation (68) followed by 1,3-dipolar
cycloaddition across the tethered acetylene to give cy-
cloadduct 69, which then underwent a subsequent cy-
cloreversion reaction to give furan 70.
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Generation and Utilization of Carbony! Ylides

Treatment of diazo imide 71 (n = 1) with rhodium(II)
acetate at 80 °C in benzene produced an isomiinchnone
dipole 75. 1,3-Dipolar cycloaddition of this species with
dimethyl acetylenedicarboxylate gave cycloadduct 77,
which subsequently fragmented via a retro-Diels-Alder
reaction into furan 78 in 85% yield. Trapping of dipole
75 with N-phenylmaleimide gave cycloadduct 76 in 78%
yield. The generality of this method was demonstrated
by varying the structure of the cyclic imide to probe any
geometric effects of ring size on the outcome of the
cyclization—cycloaddition reaction. The ring size was
reduced to a four-membered ring (72; n = 0) (61%) and
enlarged to a six-membered ring (73; n = 2) (85%) and
a seven-membered ring (74; n = 3) (75%). In all cases,
high yields of the expected cycloadducts derived from
N-phenylmaleimide were obtained. Interestingly, the
cyclic cases where n = 1 and n = 3 showed little exo/
endo selectivity, but the cases of n = 0 and n = 2 re-
sulted in formation of single stereoisomers. The con-
formational rigidity imposed by the cyclic imide ring
was demonstrated to be inconsequential by carrying out
the tandem cyclization-cycloaddition sequence using
acyclic amides.
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Extending the length of the tether by one methylene
unit gives rise to a six-membered-ring carbonyl ylide
that is not stabilized by any isomiinchnone type delo-
calization.! Thus, treatment of diazo phthalimido ester
79 with rhodium(II) acetate in refluxing benzene in the
presence of N-phenylmaleimide afforded cycloadduct
82 in 87% yield. Similar treatment of the less activated
diazo phthalimido ester 80 with rhodium(II) octanoate
at 25 °C in the presence of N-phenylmaleimide gave the
related cycloadduct 83, which is derived from dipole 81.

Dipole Cascade

1,3-Dipoles are extremely valuable intermediates in
synthetic organic chemistry. Their best known reaction
is a 1,3-dipolar cycloaddition reaction. Less attention,
however, has been placed on the interconversion of one
dipole into another. A new method for azomethine
ylide formation was recently developed which involves
a cascade of dipoles. This novel process was uncovered
during an examination of the reaction of (S)-1-acetyl-
2-(1-diazoacetyl)pyrrolidine (84) with 1.5 equiv of di-
methyl acetylenedicarboxylate in the presence of a
catalytic quantity of rhodium(II) acetate. Very little
(<10%) of the expected carbonyl ylide derived cyclo-
adduct 86 was obtained.*?> Instead, the major product
(90%) was structure 89. A mechanism that rationalizes
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the formation of this product requires generation of the
expected carbonyl ylide dipole 85 by intramolecular
cyclization of the keto carbenoid onto the oxygen atom
of the amide group. Isomerization of 85 to the ther-
modynamically more stable azomethine ylide 87 oc-
curred via proton exchange with a small amount of
water that was present in the reaction mixture. 1,3-
Dipolar cycloaddition with dimethyl acetylenedi-
carboxylate provides cycloadduct 88, which undergoes
a subsequent 1,3-alkoxy shift to generate the tricyclic
dihydropyrrolizine 89. We refer to this overall process
as a dipole cascade. MNDO calculations show that
cyclic carbonyl ylides of type 85 have higher heats of
formation (ca. 15 kcal/mol) than the corresponding
azomethine ylides 87. Some of this energy difference
is presumably responsible for the facility with which the
dipole reorganization occurs.
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In the dipole cascade reaction, a proton must be re-
moved from the a-carbon atom in order to generate the
azomethine ylide. When the a-position of the pyrrol-
idine ring was blocked by a benzyl group, formation of
the azomethine ylide dipole could not occur. In fact,
treatment of diazo ketone 90 with rhodium(II) acetate
in the presence of dimethyl acetylenedicarboxylate
afforded only the carbonyl ylide derived cycloadduct
91 in 95% yield.4?

In the case of a-diazo keto amide 92, the carbonyl
ylide dipole is sufficiently stabilized by resonance to be
trapped by dimethyl acetylenedicarboxylate to give
cycloadduct 94 in 90% yield.® No signs of any material
derived from azomethine ylide cycloaddition were ob-
served. The closely related a-diazo keto amide 93 was
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also examined. Most interestingly, treatment of 93 with
rhodium(II) acetate in the presence of dimethyl acety-
lenedicarboxylate afforded cycloadduct 95 in 60% vield.
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The initial reaction involves generation of the expected
carbonyl ylide dipole 97 by intramolecular cyclization
of the keto carbenoid onto the oxygen atom of the am-
ide group. This highly stabilized dipole does not readily
undergo 1,3-dipolar cycloaddition, but rather transfers
a proton to produce the cyclic ketene N,O-acetal 98.
This material reacts further with the activated =-bond
of the dipolarophile to produce zwitterion 99. The
anionic portion of 99 adds to the adjacent carbonyl
group, affording a new zwitterionic intermediate 100.
Under anhydrous conditions, epoxide formation occurs
with charge dissipation to give the observed cycloadduct
101.

The high efficiency of the dipole cascade, in con-
junction with the intriguing chemistry of the resulting
cycloadducts, presents numerous synthetic possibilities
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for the preparation of complex heterocycles.
Conclusion

Carbonyl ylide generation from the reaction of carb-
enes and carbenoids with carbonyl compounds contin-
ues to be of great interest both mechanistically and
synthetically. Certainly, many important applications
of this method remain undiscovered. In particular,
extension to more highly substituted carbonyl ylide
precursors remains to be studied. At the moment,
relatively little use has been made of this procedure for
the synthesis of complex natural products. In view of
the mild conditions, the carbenoid route seems most
promising for intramolecular ylide trapping and for
reactions involving complex structures. Given the re-
cent explosion of research in this field, one can only
assume that additional work will be forthcoming.
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