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Abstract: Chemoselective cross-metathesis of unsa-
turated o-diazo-B-keto esters using Grubbs’ 2™ gen-
eration catalyst, followed by Rh,(OAc),-catalysed
tandem carbonyl ylide formation-intramolecular cy-
cloaddition is demonstrated. The two different cata-
Iytic metallocarbene transfer reactions have also

been successfully carried out in a one-pot procedure,
which allows rapid generation of molecular complex-
ity in a single operation.

Keywords: carbonyl ylides; cross-metathesis; cyclo-
addition; diazo compounds; rhodium acetate

Introduction

Metallocarbenes 2, obtained from transition-metal
catalysed decomposition of diazo compounds 1, are
normally reactive intermediates that are known to un-
dergo a number of synthetically useful transforma-
tions such as o-bond (e.g., C—H, O—H) insertion, cy-
clopropanation, and ylide-based process.'!” Carbonyl
ylides 3, generated from the interaction of carbonyl
functionality with metallocarbenes 2, are capable of
undergoing 1,3-dipolar cycloaddition with dipolaro-
philes to furnish reduced furans 4 (Scheme 1).! Such
cascade process, catalysed by copper or rhodium com-
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Scheme 1. Metal-catalysed 1,3-dipolar cycloaddition using
diazo and carbonyl compounds.
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plexes, were originally developed by Ibata and espe-
cially Padwa for the synthesis of oxapolycycles,””’ and
are of interest because of the opportunities for rapid
generation of molecular complexity in a single opera-
tion.

In the present paper, we report on advances in this
process to generate more complex oxapolycycles by
initial alkene cross-metathesis, followed by tandem
carbonyl ylide formation/intramolecular 1,3-dipolar
cycloaddition (Scheme 2).*) Alkene cross-metathesis,
has undergone tremendous development in recent
times, making it currently one of the most mild and
powerful processes for elaborating olefins for poten-
tial use in subsequent transformations.” The method-
ology is especially useful in its current form because
of the (commercial) availability of Ru-based metathe-
sis (pre-)catalysts exhibiting compatibility with a wide
range of functional groups, although tolerance of
diazo functionality was not established at the outset
of our investigations.

C02R1 R1OZC R?

Scheme 2. Cross-metathesis and carbonyl ylide formation/intramolecular cycloaddition strategy.
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Results and Discussion

In earlier studies, we observed that Grubbs’ 2" gener-
ation catalyst 7, the most commonly used catalyst for
olefin metathesis, could also catalyse the coupling of
diazoacetates (e.g. 6, R=H) under mild conditions to
give cis-olefins 5 (Scheme 3).1) In contrast, olefin
metathesis of acrylates 8 gives rise to trans-o,f3-unsa-
turated carbonyl compounds 9.

EtO,C CO,Et

5 CHZCIZ, rt

ously prepared from 10 (CN,=CH,) by cross-meta-
thesis followed by diazo transfer] was already known
to undergo 1,3-dipolar cycloaddition.''! In the event,
cross-metathesis proceeded smoothly with 2-diazo-
3,6-diketo ester 10 and methyl acrylate (2.0 equivs.)
with Grubbs’ 2" generation catalyst 7 (5 mol%,
CH,Cl,, reflux, 16 h) to give the E-o,(-unsaturated
ester 11 (R=CO,Me) in good yield (74 %) and com-
plete E-stereoselectivity (Table 1, entry 1). Important-
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Scheme 3. Maleates 5 and fumarates 9 using Grubbs’ 2™ generation catalyst 7.

Upon further exploration of the reactivity of cata-
lyst 7 with more substituted diazoesters, we found
that ethyl a-diazopropanoate 6 (R =Me)®®! was stable
to catalyst 7 in CH,Cl, at room temperature but un-
derwent decomposition at reflux. However, the more
stabilised a-diazo-f3-keto ester 6 (R=COMe, derived
from ethyl acetoacetate)!”’ was stable to catalyst 7,
under typical metathesis conditions (5 mol% 7,
CH,Cl,, reflux, 14-18 h). This last result suggested
that olefin metathesis might proceed in presence of
such dicarbonyl-stabilised diazo functionality, and this
could then allow straightforward diversity generation
in unsaturated diazo compounds. The retained diazo
functionality would subsequently be used to facilitate
metal-catalysed carbene transfer reactions involving
the newly elaborated olefin. Due to our interest in
tandem carbonyl ylide formation-cycloaddition of
diazo compounds, we selected unsaturated 2-diazo-
3,6-diketo ester 101" to test this concept (Scheme 4).

ly, retention of the diazo functionality was observed.
Cross-metathesis of unsaturated 2-diazo-3,6-diketoest-
er 10 with various other olefins (5-10 equivs.)!'”” was
then examined using catalyst 7 (5 mol%) in CH,Cl,
at reflux for 14-18 h, and substituted alkenes 11 were
obtained in good to excellent yields and generally
with high stereoselectivity (Table 1).

Crotonaldehyde, vinyl cyclohexane and sterically
demanding 3,3-dimethyl-1-butene were all good part-
ners for the cross-metathesis process, with crotonalde-
hyde and 3,3-dimethyl-1-butene giving only E-isomers
11b and 11d (entries 2 and 4). Although styrene un-
derwent efficient cross-metathesis (entry5), more
electron rich styrenes were increasingly reluctant
partners (entries 6-8), as evidenced from the drop in
yields. In the cases of the methoxystyrenes (entries 7
and 8), prolonged reaction times, further addition of
catalyst, or use of a large excess of the methoxystyr-
ene (15-20 equivs.) failed to drive cross-metathesis to

\ R \ R
7 (5 mol %) Rh,(OAc), R
o ZR_ O (2 mol %) |
N, N, —_— +0O —
O CH,Cl, O CH,Cl, 1t 0 B ooo o
-bu
CO,Bu-t reflux, 14-18h  Co,Bu-t CO,Bu-t | 2
10 11 12 13

Scheme 4. Cross-metathesis/carbonyl-ylide formation/intramolecular cycloaddition using diazo ester 10.

We first examined 2-diazo-3,6-diketo ester 10 with
methyl acrylate, as the latter is known to undergo ste-
reoselective cross-metathesis with terminal olefins,>”
and the resulting desired ester 11 [R =CO,Me, previ-
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completion. Styrenes bearing -electron-withdrawing
(Hal, NO,) para or ortho substituents led to higher
yields with excellent trans-selectivity (entries 9-12).
Cross-metathesis with both amylene and methacrolein
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Table 1. Cross-metathesis and carbonyl ylide formation/cycloaddition using diazo ester 10.

Entry Olefin Cross-metathesis % (E:Z)  Cycloaddition%  Yield over 2 steps (%) Yield in one pot (%)
1 ZC0,CH; 11a 74 (E only) 13a 89 66 69

2 N o 11b 76 (E only) 13b 85" 65 70

3 //_<:> 11c 78 (85:15) 13c 78 61 63

jus}
c
A

11d 74 (E only)

~
X

_le]

5 //_Q 11e 81 (E only) 13e 84 68 73
6 //—©’0H3 11f 69 (94:6) 13 86 59 77
7 //—Q—OCHs 11g 46" (E only) 13g quant. 46 43
OCH
8 v Q ® 11h 36 (E only) - e
OCHj
9 //—Q—a 11i 76 (E only) 13i 82 62 68
10 //_Q,F 11 76 (96:4) 13j 88 67 75
1 //—Q—Noz 11k 79 (E only) 13k quant. 79 76
Cl
12 /_@ 111 89 (96:4) 13178 69 80
4
13 %\ 11m 77 (-) 13m 74 57 79
14 )\ 11n 83 (E only) 13n 771 64 86!l
CHO

[l Determined by 'H NMR.

] Isolated as ca. 1:0.25 mixture of 13b with hydrate 14b.
[l No cycloadduct observed.

4l 74 % based on recovered diazo ester 10.

[} Not carried out.

M Isolated as ca. 1:1 mixture of 13n with hydrate 14n.

proceeded efficiently to generate cycloaddition sub-
strates 11m and n bearing trisubstituted alkene dipo-
larophiles (entries 13 and 14).

With the above elaborated di/trisubstituted olefins
11 in hand, we examined their propensity to undergo
tandem carbonyl ylide formation-intramolecular cy-
cloaddition. In general, catalysis by Rh,(OAc), (2
mol %) in CH,Cl, at room temperature for 3—4 h pro-
ceeded very efficiently to give the cycloadducts 13 in
good to excellent yields (Table 1). However, fert-
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butyl-substituted alkene 11d (generated from cross-
metathesis of 10 and 3,3-dimethyl-1-butene, Table 1,
entry 4) failed to undergo cycloaddition, suggesting a
limitation of the chemistry with hindered alkene dipo-
larophiles.®! Aryl-substituted dipolarophiles under-
went efficient cycloaddition with no observable influ-
ence of the electronic nature of the aromatic ring
being evident (entries 5-12).' Trisubstituted olefins
11m and n gave the corresponding cycloadducts 13m
and n efficiently (74 % and 77 % yields, respectively).
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Scheme S. Intramolecular carbonyl ylide cycloaddition with
a,p-usaturated aldehyde dipolarophiles.

Interestingly, the cycloadduct 13n from methacrolein
was isolated as a 1:1 mixture with its cyclic hydrate
14n [Scheme 5, with crotonaldehyde, hydrate 14b for-
mation was also observed but to a lesser extent], and
provides another example of Woodward’s well-known
dictum “that enforced propinquity often leads on to
greater intimacy”.["”)

Single cycloadduct stereoisomers 13 were observed
in all cases when starting with geometrically pure al-
kenes 11. Stereochemistry was assigned on the basis
that stereospecificity in this type of (intramolecular)
cycloaddition with simple alkenes has been previously
established.'!! Importantly, the use of more polarised
alkenes in the present study does not lead to loss of
stereospecificity (e.g., by encroachment of a stepwise
reaction process). The current results expand the

\ 7 (5mol %), Z R

CH,Cl,, reflux, 14 - 18 h R
o'y then Rhy(OAc),
2
O @mol %), 3h 0 o
t-BuO,C
15 COzBU-t

16a (R = CO,Me, 63%)
16b (R = CGH'I'], 50%)
16¢ (R = Ph, 66%)

Scheme 6. One-pot cross metathesis/carbonyl ylide forma-
tion/cycloaddition of diazo ester 15.
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range of substituted alkene dipolarophiles that can be
used in this (intramolecular) cycloaddition chemistry.

Having establishing the tolerance of diazo function-
ality in oa-diazo-f-keto ester 10 to cross-metathesis
using Grubbs® 2™ generation catalyst 7, we studied
the one-pot cross-metathesis/intramolecular carbonyl
ylide cycloaddition cascade reaction. The latter was in
order to examine the effectiveness of Rh(II) catalysis
in the presence of spent (following metathesis) Ru
catalyst (i.e., to see if the latter would affect the sub-
sequent Rh(II)-catalysed transformation).'® The one-
pot cross-metathesis/carbonyl ylide cycloadditions
were carried out using catalyst 7 (5 mol %) in CH,Cl,
at reflux for 14-18h, followed by addition of
Rh,(OAc), (2 mol %) after cooling to rt, and proceed-
ed smoothly to yield the desired cycloadducts 13 in
good to excellent yields, compared to the yields over
2 steps (Table 1). The one-pot protocol also proved
effective using carbonyl-ylide precursor 15" contain-
ing a 4- (rather than 3-) methylene-tethered dipolaro-
phile (Scheme 6). Since hexenyl-tethered substrates
possess slower rates of cycloaddition than the corre-
sponding pentenyl systems,|'” it was interesting that
no intermolecular trapping by excess methyl acrylate
or fumarate (present from the cross-metathesis step)
was observed in the one-pot synthesis of cycloadduct
16a.

Tolerance of phthalic anhydride-derived o-diazo-f3-
keto ester 17" to cross-metathesis and subsequent
compatibility of the spent Grubbs’ catalyst with
Rh,(OAc),-catalysed in situ oxidopyrylium (aromatic
carbonyl ylide) 18 formation/intramolecular cycload-
dition has also been established, to give cycloadducts
19 (Scheme 7).

Conclusions

In conclusion, we have demonstrated the viability of
directly coupling two powerful transition metal-cata-
lysed carbene transfer reactions in a one-flask opera-
tion for the rapid assembly of complex oxapolycycles.
This work also suggests opportunities for one-pot

CO,Me CO,Me

19a (R' = CO,Me, R? = H, R®* = H, 68%)
19b (R' = Ph, R? = H, R®=H, 86%)

19¢ (R' = R? =R® = Me, 83%)

19d (R' = CHO, R? = Me, R® = H, 54%)

Scheme 7. One-pot cross metathesis/oxidopyrylium formation/cycloaddition of diazo ester 17.
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metathesis followed by other transformations involv-
ing pre-exisiting diazo functionality.

Experimental Section

General Remarks

'"H and “C NMR spectra were recorded in CDCl; using
DPX200 (200 MHz) or AV400 (400 MHz) spectrometers.
Chemical shifts (8) are reported in ppm relative to residual
CHCI; (‘"HNMR 7.26), or CDCl; (®CNMR 77.4). Due to
long relaxation time, C=N, was not observed in the
'*C NMR spectra. The multiplicity of each signal is designat-
ed by the following abbreviations: s, singlet; d, doublet; dd,
doublet of doublets; t, triplet. Coupling constants (J) are re-
ported in Hz. Infrared spectra were recorded as thin films
on NaCl plates or KBr discs, on a Bruker Tensor 27 FI-IR
spectrophotometer; peaks are quoted as V,,,, in cm~'. Bands
are characterised as broad (br), strong (s), medium (m) or
weak (w). Mass spectra were obtained by the EPSRC Na-
tional Mass Spectrometry Service at the University of Swan-
sea, on a Micromass Quattro II low resolution triple quadru-
pole mass spectrometer using CI. All reactions were per-
formed in flame-dried glassware under an atmosphere of
argon. Solvents were degassed and dried over alumina
under argon."’! Reactions were monitored by TLC using
commercially available aluminium plates precoated with
silica (0.25 mm, Merck 60 F,s,), which were developed using
standard visualising techniques: UV fluorescence (254 nm)
and/or potassium permanganate solution, heating. Flash
chromatography was performed on Kieselgel 60 (40-63 pum).

General Procedure for Cross-Metathesis of
Diazoester 10 and Olefins

Grubbs catalyst 7 (5 mol %) was added to a solution of fert-
butyl 2-diazo-3,6-dioxo-10-undecenoate 10 (1.0 equiv.) and
olefin (5-10 equivs.) in CH,Cl, (¢c=15-20 mM). The mixture
was heated under reflux for 14-18 h. After cooling to room
temperature, the reaction mixture was concentrated under
reduced pressure and purified by flash chromatography. See
Supporting Information for the characterisation of alkenes
11la-n.

General Procedure for Tandem Carbonyl Ylide
Formation-Cycloaddition

Rhodium acetate dimer (2 mol % ) was added to a stirred so-
lution of olefin 11 (obtained by cross-metathesis) in CH,Cl,
(c=15-20 mM). After 3 h the reaction mixture was concen-
trated under reduced pressure and purified by flash chroma-
tography. See Supporting Information for the characterisa-
tion of cycloadducts 13a—n.

General Procedure for One-Pot Cross-Metathesis/
Cycloaddition

Grubbs catalyst 7 (5 mol %) was added to a solution of a-
diazo-B-keto ester (1.0 equiv.) and olefin (5-10 equivs.) in
CH,(Cl, (¢=15-20 mM) and the reaction mixture was heated
to reflux for 14-18 h. After cooling to room temperature

Adv. Synth. Catal. 2006, 348, 2509-2514
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rhodium acetate dimer (2 mol%) added and the reaction
mixture was stirred at rt for 3 h. The mixture was then con-
centrated under reduced pressure and purified by flash chro-
matography. See supporting information for the characteri-
sation of cycloadducts 13a-n, 16a—c and 19a—d.
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