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A Straightforward Route to Tricyclic Fused Ring Systems Starting from
Alkynyl Esters Tethered to Bicyclo[n.2.0]alkanones

Vincent Rietsch,!?! Laurence Miesch,!?! Daisuke Yamashita,®! and Michel Miesch*!2l

Keywords: Alkynyl esters / Fused ring systems / Domino reactions / Cyclization / Diastereoselectivity

The successive addition of sodium ethoxide and TBSOTT (or
TMSOTY) to alkynyl esters tethered to bicyclo[n.2.0]alk-
anones (n = 3-5) promoted a domino anionic reaction and a
Dieckmann condensation, respectively, which led to 5-6-5,

6-6-5, and 7-6-5 tricyclic fused ring systems. These systems
represent relevant substructures of numerous bioactive com-
pounds.

Introduction

The 5-6-5, 6-6-5, and 7-6-5 tricyclic fused carbon frame-
works are relevant substructures of numerous bioactive
compounds such as Taiwaniasterol,l'l Walsucochin A,!”]
Lancifodilactone F,®! Cyanthiwigin F,¥ Lagaspholone A,
Crotofolinl® A, and Mangicol A"l (Figure 1).

The synthesis of these tricyclic derivatives remains chal-
lenging. Intramolecular Diels-Alder reactions,® anionic
oxy-Cope rearrangements,”)  transition-metal-catalyzed

[2+2+2] cyclizations of a,o-diyne or (di)eneyne,!'% intramo-
lecular reductive cyclization,''! and palladium-catalyzed
domino reactions!!'?l were reported to afford the corre-
sponding tricyclic fused ring systems. Nevertheless, the de-
velopment of an original methodology is important to pro-
vide new access to these scaffolds. Toward this end, an alter-
native methodology, which readily affords tricyclic fused
carbon skeletons, is described. Our strategy calls for a base-
promoted domino reaction followed by a Lewis acid in-
duced Dieckmann ring closing reaction, starting from alk-
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Figure 1. Natural products bearing 5-6-5, 6-6-5, and 7-6-5 fused rings.
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ynyl esters tethered to bicyclo[n.2.0]alkanones. This study
was motivated by the fact that an unexpected base-pro-
moted domino reaction took place starting from ynoates
tethered to mono-cycloalkanones. Furthermore, the bicy-
clo[n.2.0]alkanone skeleton is a very interesting building
block for different ring expansion or skeletal isomerization
reactions, which are promoted by inherent ring strain.['*!
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Results and Discussion

We have previously reported that the addition of BuOK
to the alkynyl esters 1 and 2 tethered to cyclohexanone or
cycloheptanone, respectively, gave the tricyclic diketones 3
and 4 and the o,m-diesters 5 and 6, which result from an
anionic domino reaction.['¥ However, starting from com-
pound 7, the addition of tBuOK yielded the a,m-diester 9
and the perhydroazulene 8, which was probably formed by
a base-promoted Dieckmann reaction of compound 9

(Scheme 1).
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Scheme 1. Addition of /BuOK to the acetylenic w-keto esters 1, 2,
and 7.

On the basis of these observations, it was hypothesized
that this domino reaction could be extended to the bicyclo-
[3.2.0]derivative 10 to afford three different types of prod-
ucts: the spiro derivative 11, the a,o-diester 12, and the tri-
cyclic derivative 13. The latter was the desired product
(Scheme 2).

E = CO,Et

0 BUOK _
THF
1o 13 .

Scheme 2. Possible products resulting from the addition of tBuOK
to the acetylenic m-keto ester 10.

Amazingly, the addition of /BuOK to the bicyclo[3.2.0]-
derivative 10 did not afford the expected products 11, 12,
or 13 but gave a complex mixture of compounds, among
which the tetracyclic derivative 14 was isolated in 20%
yield. The structure of compound 14 was confirmed by X-
ray crystallography, which clearly shows the presence of the
cis—anti—cis configuration of the tricyclic core (Scheme 3,
Figure 2).1151
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Scheme 3. Addition of /BuOK to the acetylenic w-keto ester 10.

This result prompted us to study the influence of the base
on the unfolding of this anionic domino reaction by using
NaOEt instead of zBuOK. When a mixture of NaOEt (ob-
tained by adding Na to EtOH) and bicyclo[3.2.0]derivative
10 was stirred overnight at room temperature, the a,o-dies-
ter 16 was isolated in 58 % yield. No trace of the tetracyclic
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Figure 2. ORTEP depiction of compound 14, with thermal ellip-
soids at the 30% probability level.

derivative 14 was observed. However, when the same reac-
tion was carried out at room temperature for 30 min, a 1:1.4
mixture of a,mo-diester 16 and spiroketo ester 15 was ob-
tained. These compounds were easily separated. This ex-
periment suggests that the spiro keto ester 15 was first gen-
erated and then underwent a NaOEt-promoted ring open-
ing reaction to provide the a,o-diester 16. To support this
hypothesis, the spiroketo ester 15 was treated with NaOEt
to give the corresponding a,m-diester 16 in 75% yield. Fi-
nally, when NaOEt was added at 0 °C to the bicyclo[3.2.0]
derivative 10, o,m-diester 16 was obtained in 75% yield
(Scheme 4, Table 1).

E = COEt

E
o} Z 0 E
Na, EtOH E
—_ > 7 + O E
10 15 16 E§

Scheme 4. Addition of NaOEt to the acetylenic w-keto ester 10.

Table 1. Formation of compounds 15 and 16.

Entry  Reaction conditions Yield 15 [%)] Yield 16 [%0)]

1 Na (1.5 equiv.), EtOH, 25°C, 8 h 16 58
2 Na (1.5 equiv.), EtOH, 25 °C, 30 min 26 36
3 Na (4.0 equiv.), EtOH, 0°C, 15h <1 75

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

No epimerization occurred; compound 16 was isolated
as a sole cis diastereomer for which the relative configura-
tion was established by extensive NOESY experiments and
by further chemical transformation (vide infra). To broaden
the scope of this strategy, these optimal reaction conditions
were extended to acetylenic w-keto esters 17-19 derived
from bicyclo[3.2.0]hept-2-en-6-one, bicyclo[4.2.0]octanone,
and bicyclo[5.2.0lnonanone, respectively. A domino anionic
reaction took place to afford the corresponding a,m-diesters
20-22 in good yields with a total diastereoselectivity
(Scheme 5, Table 2).
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Scheme 5. Addition of NaOEt to the acetylenic m-keto esters 17—
19.

Table 2. Formation of the a,w-diesters 16 and 20-22.

Starting material n Compound (yield)
10 1 16 (75%)
17 1 20 (77%)
18 2 21 (74%)
19 3 22 (76%)

[a] Compound 17 derived from bicyclo[3.2.0]hept-2-en-6-one.

The addition of NaOEt to the acetylenic m-keto esters 1
and 7 derived from cyclohexanone and cyclopentanone led
to a mixture of the o,m-diesters 9 and 5, respectively, iso-
lated in moderate yield (45%) and in trace amounts (<1%),
along with the corresponding spiro derivatives 9a (34 %)
and 5a (11%). These results sharply contrast the above re-
sults. These results are explained by the fact that the strain
release energy of a four-membered ring is much higher than
that of a five- or six-membered ring. Thus, the four-mem-
bered ring opening reaction was highly favored
(Scheme 6).11°1

o
NaOEt, EtOH
{S/\/\E <j</ + CH&&'
@y, 1(n=2 25 °C, 30 min ‘°“2
n=1

n=1,45%) 9a (n=1, 34%)
n 2,traces) 5a(n=2,11%)

Scheme 6. Addition of NaOEt to the acetylenic w-keto esters 1 or
7.

The formation of the o,m-diesters 16 and 20-22 is sur-
prising. Indeed, it was quite reasonable to anticipate that
carbanion A, the direct precursor of the a,o-diesters 16 and
20-22, should undergo an in situ Dieckmann condensation
to afford the tricyclic derivatives 23-26. These compounds
could evolve by an aromatization reaction to yield the final
aromatic derivatives 27-30. However, the formation of the
latter was never detected. Moreover, the addition of various
bases to the a,m-diesters 16 and 20-22 yielded exclusively a
complex mixture of compounds. An explanation of this re-
sult is that the Dieckmann condensation is a reversible reac-
tion in which the key step is the deprotonation of the B-
dicarbonyl system. Thus, the carbanion A is in equilibrium
with carbanion B where an extended conjugated II system
may create a 1,3-allylic-type strain. Moreover, rotation of
the carboxylate moiety out of the plane will decrease conju-
gation and delocalization of electron density (Scheme 7).
6946
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E = CO,Et

a: NaOEt, EtOH

Scheme 7. Addition of NaOEt to acetylenic w-keto esters 16-19.

The fact that the Dieckmann condensation product was
not observed could also be explained as follows: as indi-
cated in Scheme 1, the formation of the hydroazulene 8 oc-
curred through the generation of an enolate on the 3-
(ethoxycarbonyl)propyl side chain and not from the “all-
ylic” enolate. Indeed, the latter is probably too inactive
(conjugation with the double bond and with the ester
group) to undergo a Dieckmann condensation. This expla-
nation can be extended to carbanion A (Scheme 7), which
explains its very low reactivity.[8]

Nevertheless, an acidic Dieckmann condensation was
considered as a valuable alternative in this case.['”] We were
delighted to find that the addition of a mixture of TBSOTT/
NEt; to a,0-diester 16 led quantitatively to the tricyclic de-
rivative 31, with a total diastereoselectivity. This is probably
because a unique Z-ketene silyl acetal 16a was formed.['”!
The structure of compound 31 was confirmed by X-ray
crystallography, which clearly indicates a cis ring junction
for the AB fused ring system (Figure 3).?% This result
corroborates our previous observation, namely that the a,o-
diester 16 was obtained as a unique cis diastercomer. The
Dieckmann condensation tolerates a double bond in cycle
A as well, which yields the corresponding tricyclic deriva-
tive 32 in 80% yield via the Z-ketene silyl acetal 17a
(Scheme 8).

Figure 3. ORTEP depiction of compound 31, with thermal ellip-
soids at the 30% probability level.

Initial attempts to apply this Dieckmann reaction to o, -
diesters 21 and 22 failed. No Dieckmann cyclization oc-
curred, probably because of steric hindrance and subtle
stereoelectronic effects. However, further investigation
showed that the Dieckmann condensation took place in the
presence of TMSOT{/NEt;. Thus starting from the a,-

Eur. J. Org. Chem. 2010, 69446948
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Scheme 8. TBSOTf-promoted Dieckmann condensation starting
from o,m-diesters 16 and 17.

diesters 21 and 22, the corresponding tricyclic derivatives
33 and 34 were isolated as a mixture of isomers (ratio: 1:1).
Indeed, the TMS group is not as bulky as the TBS group so
that a mixture of E- and Z-ketene silyl acetals was probably
formed, which led to the tricyclic derivatives 33-35
(Table 3). Of course, when the same reaction conditions
were applied to the a,o-diester 16, the tricyclic derivative
35 was also readily obtained as a 1:1 mixture of isomers in
80% yield (Scheme 9).

Table 3. Formation of the tricyclic derivatives 33-35.

Starting material n Compound (yield; ratio)
16 1 33 (80%; 1:1)
21 2 34 (90%; 1:1)
22 3 35 (84%; 1:1)
TMSO OEt
H
~COE TMSOTf, NEts CO,Et

(CHp),
CH,Cly, 25 °C

(CH@ CO,Et
Eg )

16, 21-22 33-35

Scheme 9. TMSOTf-promoted Dieckmann condensation starting
from o,w-diesters 16, 21 and 22.

Conclusions

A new methodology employing a base-promoted domino
reaction followed by a Lewis acid induced Dieckmann ring
closing reaction readily led to 5-6-5, 6-6-5, and 7-6-5 tri-
cyclic fused ring systems (overall yields: 65-75%), which
represent important substructures of numerous bioactive
natural products. Further extensions of this methodology
toward the synthesis of natural products are currently un-
derway.

Experimental Section

General Remarks: Reactions were carried out under a positive pres-
sure of argon with magnetic stirring and by using degassed solvents
in oven-dried glassware. Et,O and THF were distilled from Na/
benzophenone. Thin-layer chromatography (TLC) was carried out
on silica gel plates Merck 60F,s, and the spots were visualized
under a UV lamp (254 or 365 nm) and/or sprayed with a solution
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of vanillin (25 g) in EtOH/H,SO,4 (98:2; 1 L) or with phospho-
molybdic acid followed by heating on a hot plate. For column
chromatography, silica gel (Merck, Si60, 40-60 um) was used. Melt-
ing points (m.p.) were measured on a hot plate Stuart Scientific
SMP 3 apparatus. IR spectra were recorded as CCl, solutions. 'H
NMR spectra were recorded at 200 or 300 MHz and '3*C NMR
spectra at 75 or 125 MHz on a Bruker AC-300 or ARX-500 by
using the signal of the residual non-deuterated solvent as internal
reference. Significant '"H NMR spectroscopic data are tabulated in
the following order: chemical shift () expressed in ppm, multi-
plicity (s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet),
coupling constants J in Hz, number of protons. The ratios of com-
pounds indicated below were calculated from the NMR integra-
tions. IR spectra were recorded as CCly solutions on a Perkin—
Elmer IR-881 and on a Bruker Alpha spectrometer. Microanalysis
were carried out by the Service Commun d’Analyses du CNRS,
Institut de Chimie-Strasbourg.

Compound 14: To a solution of acetylenic w-keto ester 10 (0.213 g,
0.86 mmol, 1 equiv.) in THF (10 mL) was added ~-BuOK (106 mg,
0.94 mmol, 1.1 equiv.), and the suspension was stirred for 30 min.
After hydrolysis with a saturated aqueous NH4Cl solution (3 mL)
and a 10% aqueous solution of HCI (10 mL), the aqueous layer
was extracted three times with ether. The combined organic phases
were successively washed with aqueous NaHCO; solution and
brine and dried with Na,SO,. After filtration and removal of the
solvent (25°C, 15 Torr), the residue was purified by column
chromatography (15 g of SiO, petroleum ether/AcOEt: 100:0 to
80:20) to yield compound 14 (43 mg, 20%).

Compound 14: 'H NMR (300 MHz, CDCls): 6 = 5.11 (s, 1 H,
OCCH=C), 3.89 (ABXj; system, J,p = 104, Jx = 7.1, Jgx =
7.1 Hz, Av = 30 Hz, 95 = 3.94 ppm, dg = 3.84 ppm, 2 H, CH,CH,;),
2.64-2.60 (m, 1 H, CH), 2.54 (t, J = 7.5 Hz, 1 H, CHC=CH), 2.30—
2.05 (m, 4 H, CH), 2.00-1.40 (m, 8 H, CH,), 1.35(t, J=7.2Hz, 3
H, CH;) ppm. '*C NMR (75 MHz, CDCls): 6 = 171.5, 166.2, 91.4,
85.2, 64.6, 50.4, 47.1, 45.7, 39.1, 329, 29.6, 28.4, 27.2, 26.1,
14.0 ppm. IR (CCly): ¥ = 1716, 1628 cm™'. HRMS (ESI): calcd. for
C,sH,)NaO; [M + Na]*: 271.1310; found 271.1312.

General Procedure for the Synthesis of Diesters 16 and 20-22: To a
solution of sodium (1.5 equiv.) in ethanol (10 mL) was added drop-
wise acetylenic o-keto ester (1.9 mmol, 1equiv.) in ethanol
(10 mL), and the reaction mixture was stirred at 0 °C for 15 h. Af-
ter hydrolysis with a 2% aqueous solution of HCI (6 mL), the aque-
ous layer was extracted three times with ether. The combined or-
ganic phases were successively washed with aqueous NaHCO;
solution and brine and dried with Na,SO,. After filtration and
removal of the solvent (25 °C, 15 Torr), the residue was purified by
column chromatography (15 g,S10,, petroleum ether/AcOEt: 100:0
to 94:6) to give compounds 16 (yield: 75%), 20 (yield: 77%), 21
(yield: 74%), and 22 (yield: 76 %).

Compound 16: '"H NMR (300 MHz, CDCl3): 6 = 4.10 (q, J =
7.1 Hz, 2 H, CH,CH3), 3.98 (ABXj system, J,z = 11.5 Hz, J,x =
6.8 Hz, Jpx = 7.3 Hz, Av = 9 Hz, 95 = 4.00 ppm, dg = 3.97 ppm,
2 H, CH,CH3), 3.19-3.13 (m, 1 H, CH), 3.08 (AB system, J,3 =
15.2 Hz, Av = 66 Hz, 95 = 3.19 ppm, dg = 2.97 ppm, 2 H, CH,CO),
2.93-2.85 (m, 1 H, CH), 2.45-2.15 (m, 4 H, CH,), 2.01-1.15 (m, 8
H, CH,), 1.23 (t, J/ = 7.1 Hz, 3 H, CH,CH3), 1.16 (t, J = 7.1 Hz,
3 H, CH,CHs3) ppm. '*C NMR (75 MHz, CDCls): 6 = 175.2, 171.4,
139.6, 130.3, 60.5, 60.1, 48.4, 41.8, 36.4, 34.9, 34.0, 30.2, 28.7, 25.2,
22.1, 143 ppm. IR (CCly): v = 1733 cm™l. C;H560,4 (294.39):
caled. C 69.36, H 8.90; found C 69.97, H 8.97. HRMS (ESI): calcd.
for C;H,sNaO, [M + Na]*: 317.1728; found 317.1710.
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Compound 20: '"H NMR (300 MHz, CDCl;): § = 5.79-5.83 (m, 1
H, CH,CH=CH), 5.50-5.47 (m, 1 H, CH,CH = CH), 4.12 (q, J =
7.2 Hz, 2 H, CH,CHj), 4.02 (q, J = 7.2 Hz, 2 H, CH,CHj3), 3.34—
3.22 (m, 1 H, CH), 3.14 (AB system, J,5 = 15.3 Hz, Av = 102 Hz,
da = 2.97 ppm, dg = 3.31 ppm, 2 H, CH,CO), 2.91-2.80 (m, 1 H,
CH), 2.51-2.43 (m, 2 H, CH,CH=CH), 2.34-2.16 (m, 4 H, CH,),
1.84-1.61 (m, 2 H, CH,), 1.25 (t, / = 7.2 Hz, 3 H, CH,CH;), 1.18
(t, J = 7.2 Hz, 3 H, CH,CH;) ppm. '*C NMR (75 MHz, CDCl5):
0 =173.7, 171.5, 138.8, 131.4, 130.7, 130.5, 60.6, 60.3, 47.3, 46.8,
36.6, 34.8, 34.5, 33.6, 21.9, 14.4 ppm. IR (CCly): ¥ = 1729 cm L.
HRMS (ESI): caled. for C;H,4NaO, [M + Na]*: 315.1572; found
315.1580.

General Procedure for the Synthesis of Tricyclic Fused Rings 31-35:
NEt; (2.5 equiv.) was added to a solution of the diesters 16, 20-22
(1 equiv.) in CH,Cl, (10 mL). The reaction mixture was stirred for
20 min at room temperature. TBSOTf or TMSOTT (1.2 equiv.) was
added dropwise, and the reaction mixture was stirred for 4 h at
room temperature. NEt; (2.5 equiv.) was added again, and the mix-
ture was stirred for a further 20 min. TBSOTf or TMSOTf
(1.2 equiv.) was added dropwise, and the mixture was stirred for
1 h at room temperature, hydrolyzed with water (5 mL), and then
extracted with CH,Cl, (2X 5 mL). The combined organic phases
were washed with brine and dried with Na,SO,. After filtration and
removal of the solvent (25 °C, 15 Torr), the residue was purified by
column chromatography (15 g SiO,, petroleum ether/AcOEt/NEt;:
95:0:5 to 94:3:3) to give compounds 31 (yield: quant.), 32 (yield:
78%), 33 (yield: 90%), 34 (yield: 84 %), and 35 (yield: 80%).

Compound 31: '"H NMR (300 MHz, CDCls): 6 = 4.16-4.05 (m, 2
H, COOCH,CHs;), 3.53 (ABXj; system, J, 3 = 14.1Hz, Jx =
6.9 Hz, Jgy = 7.2 Hz, Av = 24 Hz, 95 = 3.49 ppm, dg = 3.57 ppm,
2 H, OCH,CHy), 3.30 (s, | H, CHCOO), 2.91-2.83 (m, 1 H, CH),
2.59-2.47 (m, 1 H, CH), 2.25-1.30 (m, 12 H, CH,), 1.25 (t, J =
7.2 Hz, 3 H, COOCH,CHs), 1.07 (t, J = 7.2 Hz, 3 H, OCH,CH;),
0.83 [s, 9 H, C(CH3)5], 0.13 [s, 3 H, Si(CH3),], 0.11 [s, 3 H, Si-
(CH3),] ppm. 3C NMR (75 MHz, CDCls): 6 = 171.9, 140.1, 128.6,
102.0, 60.3, 58.9, 56.2, 43.4, 41.7, 34.7, 34.4, 31.2, 27.0, 26.5, 26.0,
22.4,18.4, 15.8, 14.5, 2.7, 2.9 ppm. IR (CCly): ¥ = 1736 cm™ .
HRMS (ESI): caled. for C53H40NaO,Si [M + Na]*: 431.2594;
found 431.2589.

Compound 33 (Dia 1): '"H NMR (300 MHz, C¢Dg): 6 = 4.15-3.90
(m, 2 H, COOCH,CHs;), 3.52 (s large, 1 H, CHCOO), 3.58-3.37
(m, 2 H, OCH,CH3), 2.62-1.15 (m, 16 H, CH and CH,), 1.06 (t,
J = 7.1 Hz, 3 H, COOCH,CH5), 1.05 (t, J = 7.1Hz, 3 H,
OCH,CHs), 0.30 [s, 9 H, Si(CH3);] ppm. '*C NMR (125 MHz,
Ce¢Dy): 6 =171.1, 103.4, 60.2, 57.1, 55.9, 34.7, 33.0, 28.9, 25.9, 24.7,
23.6, 22.7, 15.7, 14.5, 2.5 ppm. IR (CCly): ¥ = 1728 cm!. HRMS
(ESI): caled. for C, H3NaO,Si [M + Na]*: 403.2281; found
403.2237.

Compound 33 (Dia 2): '"H NMR (300 MHz, C4Dg): 6 = 4.15-3.90
(m, 2 H, COOCH,CH3;), 3.39 (s large, 1 H, CHCOO), 3.58-3.37
(m, 2 H, OCH,CH3;), 2.62-1.15 (m, 16 H, CH and CH,), 1.02 (t,
J = 7.0Hz, 3 H, COOCH,CH;), 1.00 (t, J = 7.0Hz, 3 H,
OCH,CHs3), 0.25 [s, 9 H, Si(CH3);] ppm. *C NMR (125 MHz,
C¢Dg): 0 = 170.6, 103.3, 60.1, 54.3, 52.0, 34.4, 32.7, 28.8, 25.6, 24.7,
23.4,22.5, 15.6, 14.5, 2.5 ppm. IR (CCly): ¥ = 1728 cm!. HRMS
(ESI): caled. for C, H3sNaO4Si [M + Na]*: 403.2281; found
403.2237.
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Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and analytical data for compounds
14, 16, 20-22, and 31-35.
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