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Abstract—Catalytic enantioselective tandem carbonyl ylide formation-cycloaddition reactions of tert-butyl 2-diazo-3,6-dioxohep-
tanoate 7 with alkyne and strained alkene dipolarophiles to afford the corresponding cycloadducts with up to 92% ee are
described. © 2003 Elsevier Science Ltd. All rights reserved.

Compared with enantioselective Diels–Alder and hetero
Diels–Alder processes, enantioselective 1,3-dipolar
cycloadditions are relatively underdeveloped.1 Never-
theless, the latter reaction class holds considerable
potential for the asymmetric synthesis of heterocycles.2

Studies by Padwa et al. established Rh(II)-catalysed
tandem carbonyl ylide formation-1,3-dipolar cycloaddi-
tion of diazocarbonyl compounds as an excellent
method for the synthesis of oxapolycycles.3 In 1997,
using this method, we reported the first examples of
enantioselective carbonyl ylide cycloadditions: Unsatu-
rated 2-diazo-3,6-diketoesters underwent intramolecular
cycloaddition catalysed by Davies’ prolinate catalyst
Rh2[(S)-DOSP]4 44 with up to 52% ee (Fig. 1, Scheme

1).5 Such cascade reactions are of interest because of
the rapid generation of molecular complexity,3 and the
demands that they place upon a catalyst—which is
required to efficiently decompose the diazo precursor
and form a catalyst-associated ylide (e.g. 2),6 from
which a highly (ideally) enantioenriched cycloadduct
ensues.

Detailed catalyst studies using ester 1 eventually led to
a hydrocarbon-soluble variant of Pirrung’s phosphate
catalyst Rh2[(R)-BNP]4 5:7 Rh2[(R)-DDBNP]4 6 (Fig.
1) was found to be capable of generating the
intramolecular cycloadduct (+)-3 (absolute configura-
tion as shown in Scheme 1) in up to 90% ee.8 In the
corresponding intermolecular carbonyl ylide cycloaddi-
tion process, so far only DMAD as the dipolarophile
has been shown capable of efficiently delivering
cycloadducts in high ees: up to 92% ee was observed by
Hashimoto and co-workers using 1-diazo-2,5-diketones,
catalysed by �-phthalimido Rh(II) carboxylates.9,10

The above results, together with our recent studies
using arylacetylene dipolarophiles with 1-aryl-1-diazo-
2,5-diketones (up to 76% ee),11 encouraged us to exam-
ine asymmetric intermolecular carbonyl ylide
cycloadditions of a 2-diazo-3,6-diketoester with dipo-
larophiles which do not contain electron-withdrawing
substituents on the reacting �-bond. Initial studies
using tert-butyl 2-diazo-3,6-dioxoheptanoate 712 with
phenylacetylene (2 equiv.) and Rh2(OAc)4 or Rh2(tfa)4

as catalysts in CH2Cl2 or toluene at 25°C failed to

Figure 1.
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Scheme 1.

generate any of the desired cycloadduct. However,
using 5 or 10 equiv. of phenylacetylene with Rh2(OAc)4

in CH2Cl2 gave cycloadduct 813 in 7% and 18% yields,
respectively (Scheme 2). Using fully hydrocarbon-solu-
ble chiral catalysts Rh2[(S)-DOSP]4 4 or Rh2[(R)-
DDBNP]4 6 with 10 equiv. of phenylacetylene in
hexane led to improved yields of cycloadduct 8 (39%
and 41%, respectively). Importantly, the ees obtained
(38% and 61% using 4 and 6, respectively)14 gave the
first indications that highly enantioselective intermolec-
ular cycloadditions of dicarbonyl (doubly stabilised)
carbonyl ylides were possible. Such ylides constitute
one of the most widely used classes of carbonyl ylides,3

due the typical stability, storage and ease of handling of
the cycloaddition precursors which are easily prepared
from 1,3-dicarbonyl compounds by diazo transfer. Our
earlier studies had found that using phenylacetylene as
both the solvent and dipolarophile was advantageous.11

In the present case, using Rh2(OAc)4 and neat phenyl-
acetylene (�170 equiv.) gave 59% yield of cycloadduct
8. A similar yield (58%) and promising ee (56%) was
obtained using Rh2[(R)-BNP]4 5. The yield could be
improved (to 86%, 57% ee) using Rh2[(R)-DDBNP]4 6,
and this improvement is likely to be a result of the
fully-soluble nature of this phosphate catalyst under the
reaction conditions.

Simple alkenes are normally unreactive in intermolecu-
lar carbonyl ylide cycloadditions.15 Nevertheless, reac-
tion of ester 7 with cyclopentene16 was attempted. With
10 equiv. of cyclopentene using Rh2(OAc)4 in CH2Cl2 a
14% yield of cycloadduct could be obtained after 4 h; in
neat cyclopentene 26% yield could be obtained after 7
h. However, using Rh2[(R)-DDBNP]4 6 with cyclopen-
tene (10 equiv.) gave no cycloadduct. There is more

encouraging precedent for cycloaddition with norbor-
nenyl systems.16,17 Indeed, subjecting diazo substrate 7
to Rh2(OAc)4 catalysed decomposition in the presence
of norbornene (1.5 equiv.) in hexane led to single
cycloadduct 9 in 45% yield (structure determined by
X-ray crystallographic analysis).18 The selectivity
obtained in this cycloaddition is consistent with other
carbonyl ylide cycloadditions with norbornene.16,17

With 10 equiv. of norbornene, under otherwise identical
conditions, the reaction was complete in 30 min and the
yield of cycloadduct 9 rose to 82%. Rh2[(S)-DOSP]4 4
was found to deliver reasonable levels of asymmetric
induction (83% yield of 9, 61% ee).19 Using chiral
phosphate catalyst Rh2[(R)-DDBNP]4 6 at room tem-
perature gave significant asymmetric induction (74%
yield, 82% ee) and on reducing the reaction temperature
to 0°C and to −15°C, the ee rose to 87%20 and 92%,
respectively; the latter is the highest asymmetric induc-
tion observed so far with a dirhodium phosphate cata-
lyst (Scheme 3).8

Norbornadiene (10 equiv.) also proved a viable dipolar-
ophile with 2-diazo-3,6-diketoester 7 (78% of cycload-
duct 10 using Rh2(OAc)4 in hexane at 25°C);
Rh2[(S)-DOSP]4 4 at 25°C and Rh2[(R)-DDBNP]4 6 at
0°C gave 10 in 65% yield (79% ee) and 53% yield (83%
ee), respectively.21 The origin of the intriguing improve-
ment in ee (from 61% to 79%) with Rh2[(S)-DOSP]4 4
when using norbornadiene compared to norbornene is
not obvious (in contrast, with Rh2[(R)-DDBNP]4 6 the
ee falls slightly: to 83% from 87%), but may relate to
the faster reaction rate6a with norbornadiene (for 4: 7
min, compared with 15 min for norbornene; for 6: 15
min, compared with 35 min for norbornene). The reac-
tion of 2-diazo-3,6-diketoester 7 with norbornadiene

Scheme 2.

Scheme 3.
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using 4 provides the highest level of asymmetric induc-
tion seen with this catalyst in any carbonyl ylide
cycloaddition thus far. This observation suggests that
Rh2[(S)-DOSP]4 and structurally related catalysts,
which have been used with considerable success in other
enantioselective transformations of diazocarbonyl com-
pounds,4 continue to merit investigation in further stud-
ies of the current reaction class.

In summary, the first highly enantioselective inter-
molecular carbonyl ylide cycloadditions of a 2-diazo-
3,6-diketoester substrate have been achieved. The
highest levels of enantioselection recorded in the cur-
rent study correlate well with those we have previously
observed in intramolecular cycloadditions with struc-
turally related dipoles,8 and indicate that the presence
of a tethered dipolarophile is not necessary for high
asymmetric induction and that the enantioselectivity is
not overly sensitive to the alkyl substituent at the
ketone which forms the ylide. Further studies are cur-
rently underway to investigate the factors affecting the
enantioselectivity of such cycloaddition processes.
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