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Abstract—Construction of the bicyclo[3.3.1]nonenone core was achieved by stepwise annulation of 2-cyclohexenone derivatives and
acrylates via successive Michael reactions. The process could also be effected by a one-pot procedure.
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The bicyclo[3.3.1]Jnonane skeleton is often found in bio-
logically active natural products such as Garsubellin A
(Fig. 1).! Therefore, many types of synthetic methods
for bicyclo[3.3.1]lnonane derivatives have been re-
ported.>? They have also found use as synthetic interme-
diates for other ring systems.* Recently, polycyclic
polyprenylated acylphloroglucinols featuring a highly
oxygenated and densely substituted bicyclo[3.3.1]non-
ane-2,4,9-trione core, have attracted attention as targets
for organic synthesis.> Herein the construction of the
bicyclo[3.3.1]lnonenone core by stepwise and one-pot
annulation of 2-cyclohexenone derivatives with acrylates
via successive Michael reactions is described.

The stepwise annulation of 2-methyl-2-cyclohexenone 1
with acrylates 2a—¢® via successive Michael reactions
was examined (Scheme 1). Annulation precursors 3a—c

Garsubellin A

Figure 1.
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were obtained by the intermolecular Michael reaction
of 1 with acrylates 2a—c, respectively (3a: 50%, 3b:
55%, 3c¢: 74%). The intramolecular Michael reaction of
3a—c was performed under solid-liquid phase transfer
conditions: a solution of the annulation precursors 3a—
¢ was stirred in the presence of K,CO;5 as the base and
tetrabutylammonium bromide (TBAB) as the phase
transfer catalyst.” Upon treating annulation precursor
3a with K,CO; (3.0equiv) and TBAB (1.0equiv) (Table
1, entry 1), annulation proceeded at the o'-position of
the carbonyl group with accompanied migration of the
double bond to give a,0'-annulation products 4a and
S5a (4a: 67%, S5a: 4%). The relative stereochemistry of
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Table 1. Stepwise annulation between 1 and 2a—¢

Entry Subst. K,CO; (equiv) TBAB (equiv) Solvent Conditions Product®
1 3a 3.0 1.0 Toluene 80°C, 30h 4a: 67%
5a: 4%
2 3a 1.2 0.2 Toluene 70°C, 28h 4a: 59%
5a: 13%
3 3b 2.0 0.1 Toluene 80°C, 91h 4b: 36%
5b: 29%
4 3b 2.0 1.0 THF 90°C, 115h 4b: 35%
5b: 23%
6b: 3%
5 3b 3.0 1.0 EtOH 90°C, 3h 4a: 10%
6 3c 2.0 1.0 THF 90°C, 31h 4c: 71%
5¢: 8%
#Isolated yield.
4a and Sa was assigned by the coupling constant 0
JH7 H8exo 1N H NMR: 4a: JH7 H8exo = 6.1 Hz; 5Sa: CO,R
JH7 Hsexo = 12.8 Hz.® The amount of base did not affect \é + /\Z/OAC Method Aor 3
the ratio of 4a and 5a to a large extent (K,COs:
1.2equiv, TBAB: 0.2equiv, 4a: 59%, 5a: 13%, Table 1, 1 2a-c
entry 2). The annulation of phenylethyl ester 3b in some z:_ E - IEthCH CH
. . B 2 2
solvents was next examined (Table 1, entries 3-5). The ¢ R=tBu
annulation of 3b in both toluene and THF gave bicyclic
compounds 4b and 5b with the same tendency (Table 1,
entries 3 and 4, 4b:5b = ca. 3:2). In the annulation of 3b, ROLCI ROLC
a small amount of PhCH,CH,OH was obtained as a 2 2
consequence of slight decomposition. Isomerization ac
studies between 4b and 5b indicated that 5b was the CO4Et
thermodynamically favored product: the bicyclic com-
pounds 4b and 5b were heated separately under the
stepwise annulation conditions for 9days. Although 5b BtOC ROZC"
did not isomerize to 4b at all (4b:5b = 0:100), 4b isomer-
ized somewhat to Sb (4b:5b = 85:15). When THF was
used as the solvent, bicyclic compound 6b, an o,y-annul- Scheme 2.

ation product, was also obtained (3%). The annulation
of 3b in EtOH gave bicyclic compound 4a, generated
by ester exchange, in low yield (10%, Table 1, entry 5).
It is considered that the moderate yields (61-72%, Table
1, entries 1-4) arise from decomposition of the ester
group. Treatment of 3¢ with K,CO3 (2.0equiv) and
TBAB (1.0equiv) gave the best results (4e: 71%, Sc:
8%, Table 1, entry 6).°

Since the stepwise annulation of 2-methyl-2-cyclohex-
enone 1 with acrylates 2a—c proceeded sufficiently, one-
pot annulation via successive Michael reactions between
2-methyl-2-cyclohexenone 1 and acrylates 2a—c (Scheme
2) was subsequently investigated. First, the one-pot
annulation of 1 with 2a by a one operation process
was examined (method A): a mixture of 1, 2a, K,CO3
and TBAB was heated at 80°C for 42h in toluene. As
a result, three bicyclic compounds 4a, 5a, and 7 were
obtained (4a: 2%, Sa: 2%, 7: 15%, Table 2, entry 1).
The bicyclic compound 7 most likely formed by Michael
reaction of the annulation precursor 3a with another
molecule of acrylate 2a at the o-position, prior to the
intramolecular ring-closing Michael reaction. To avoid
the generation of annulation products such as 7, a
one-pot annulation by two operations was examined:
the annulation precursors 3b and 3c were generated in

situ by treatment of 1 with LDA, followed by acrylates
2b and 2c, respectively. To the reaction mixture were
added K,CO3; and TBAB, and the mixture was heated
(method B, Table 2, entries 2-4).'° With method B,
the o,0'-annulation products 4b,c and 5b,c were
obtained in moderate yields along with a small amount
of a,y-annulation products 6b,c. In contrast with the
stepwise annulation, the thermodynamically favored
o,o’-annulation products 5b,c were obtained as the
major isomer in the one-pot annulation. The basic species
(diisopropylamine, AcOLi) generated in situ in the
one-pot reaction may effect to isomerization between
4b,c and 5b,c.

Next, the stepwise annulation of some di-substituted 2-
cyclohexenones 8-10 with acrylates 2a—c¢ was examined
(Scheme 3)7 and the results are summarized in Table
3. The annulation precursors 1la—c, 12, and 13 were
obtained by the Michael reaction of 8-10 with acrylates
2a-—c. Treatment of 1la—¢ and 12 with K,CO; and
TBAB gave o,0’-annulation products 14a—c and 17 as
the major isomer, respectively (Table 3, entries 1-4).
Annulation of 11c and 12 gave rise to single products.
When 3-ethoxy-6-ethoxycarbonyl derivative 13 was used
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Table 2. One-pot annulation between 1 and 2a—c¢

Entry Acrylate Method*

K,CO; (equiv)

TBAB (equiv) Conditions Product®

1 2a A 3.0

1.0 80°C, 42h 4a: 2%
5a: 2%
7: 15%
0.02 80°C, 24h 4b: 6%
5b: 12%
1.0 80°C, 40h 4b: 9%
5b: 20%
6b: 2%
1.0 90°C, 18h 4c: 16%
5c¢: 28%
6c: 7%

#Method A: 1, 2a, K,COs, TBAB, toluene. Method B: (1) 1, LDA, THF, —78°C then 2, —78°C to rt. (2) K,CO;, TBAB.

®Isolated yield.
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Scheme 3.

Table 3. Stepwise annulation between 8-10 and 2a—c

as the substrate, o,y-annulation product 20 was
obtained as the major product (Table 3, entry 5).

Table 4 summarizes the one-pot annulation between the
cyclohexenone derivatives 8-10 and acrylates 2a-—c
(Scheme 4). One-pot annulation of 8 in a one operation
process (method A) proceeded in low yield to give ann-
ulation products 14a and 21, via successive Michael
reactions (Table 4, entry 1). The one-pot annulation of
8 in two operations (method B)!° gave annulation prod-
ucts with a higher ratio of the thermodynamically more
stable 15b and 15¢ compared with the stepwise protocol
(Table 4, entries 2 and 3). In the case of the reaction of
10 with 2c, the ratios were similar with those of stepwise
reactions (Table 4, entry 5).

In summary, the construction of the bicyclo[3.3.1]non-
enone core was achieved by the stepwise annulation of
2-cyclohexenones 1, 8, 9 and 10 with acrylates 2a—c via
successive Michael reactions. The annulation precursors
3a—c, 11a—, 12, and 13 reacted via the thermodynami-
cally more stable enolate to furnish the bicyclo[3.3.1]-
nonenone core by o’-annulation of the enolate. The
annulation could also be carried out in a one-pot reac-
tion to give the bicyclo[3.3.1]nonenone derivatives with
the same tendency. Although bicyclic compounds are
usually constructed via enamine derivatives of cyclic
ketone, this reported procedure affords the
bicyclo[3.3.1]Jnonenone derivatives directly from the
cyclohexenone derivatives.

Entry Subst. K,CO; (equiv) TBAB (equiv) Solvent Conditions Product®
1 11a 3.0 1.0 Toluene 80°C, 6h 14a: 65%
15a: 13%
16a: 4%
2 11b 2.0 1.0 Toluene 90°C, 9h 14b: 49%
15b: 13%
16b: 6%
3 11c 3.0 1.0 THF 90°C, 23h 14c¢: 91%
12 2.0 1.0 Toluene 80°C, 54h 17: 41%
5 13 3.0 1.0 THF 80°C, 24h 18, 19: 17%°°
20: 48%

#Isolated yield.

® Purification by preparative TLC gave a mixture of diastereomers.

°The ratio of 18 and 19 was 10:7 according to the 'H NMR.
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Table 4. One-pot annulation between 8-10 and 2a—c

Entry Subst. Acrylate Method?* K,CO; (equiv) TBAB (equiv) Conditions Product®
1 8 2a A 3.0 1.0 80°C, 42h 14a: 5%
21: 12%
2 8 2b B 3.0 1.0 80°C, 47h 14b: 29%
15b: 16%
16b: 15%
3 8 2c B 3.0 1.0 90°C, 18h 14c: 34%
15¢: 32%
16¢: 4%
4 9 2b B 3.0 1.0 80°C, 13h 17: 17%
5 10 2c B 3.0 1.0 80°C, 25h 18, 19: 31%°4
20: 35%

#Method A: 8, 2a, K,COs, TBAB, toluene. Method B: (1) substrate (8, 9, or 10), LDA, THF, —78°C then 2, —78°C to rt. (2) K,CO;, TBAB.

®Isolated yield.
¢ Purification by preparative TLC gave a mixture of diastereomers.
9 The ratio of 18 and 19 was 25:6 according to the 'H NMR.
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added K,CO; (103.5mg, 0.75mmol) and TBAB (120.9mg,
0.38mmol). The mixture was stirred at 90°C for 31h.
After complete consumption of 3¢ by GC monitoring, the
mixture was cooled to rt and quenched with 1 N HCI. The
resulting mixture was extracted with ether. The combined
organic layer was washed with H,O, brine, dried over
MgSO,, filtered, and evaporated. The resulting residue
was purified by preparative TLC (silica gel, hexane/
EtOAc =10/1) to give annulation products 4c and 5c
(4c: 71%, 5c¢: 8%, Table 1, entry 6).

. The coupling constants (2.1-2.5Hz) between H6,,, and
H4,,, were observed in the 'H NMR of 14a—c and 15a—c.
The long range couplings indicate the preferred conformer
of six-membered ring in the bicyclo[3.3.1]nonenone core.
. (a) Spectral data of 4c: "H NMR (500 MHz, CDCls) 6 1.08
(s, 3H, 1-CH;), 1.47 (s, 9H, C(CHj3)3), 1.81 (dd, /=64,
14.0Hz, 1H, H8,,,), 1.99-2.08 (m, 1H, H6,,,), 2.52 (tt,
J=1.7, 7.0Hz, 1H, H4.,,), 2.59-2.65 (m, 3H, HS5, H7,
HS8,.4), 2.74-2.81 (m, 2H, H4,,4,, H6.,4,), 5.30 (ddd,
J=1.1, 1.7, 9.4Hz, 1H, H2), 5.59-5.64 (m, 1H, H3); 1*C
NMR (125MHz, CDCl;) 6 21.3 (1-CHj), 28.0 (X3,
C(CHs3)3), 34.8 (C6), 36.3 (C4), 37.7 (C7), 41.5 (C8), 44.9
(C5), 46.3 (C1), 80.7 (C(CHs)3), 128.6 (C3), 133.5 (C2),
173.0 (COy), 216.3 (CO); HRMS (EI) calcd for C;5sH»,05
[M*] 250.1569. Found 250.1577; Anal. Caled for
Cy5sH,,05: C, 71.97; H, 8.86. Found: C, 72.16; H, 8.65.
(b) Spectral data of 5¢: "H NMR (500 MHz, CDCl5) 6 1.10
(s, 3H, 1-CH3y), 1.43 (s, 9H, C(CH3)3), 1.73 (t, J = 12.8 Hz,
1H, HS,,,), 1.96-2.04 (m, 2H, HS,,, H6.,,), 2.09-2.15
(m, 1H, H6..4,), 2.47 (ddd, J=1.4, 3.6, 18.6Hz, 1H,

10.

H4,.,); 2.66-2.70 (m, 1H, H5), 2.72-2.80 (m, 1H, H4,,4,),
3.02 (tt, J=4.6, 12.8Hz, 1H, H7), 5.35 (ddd, /=14, 2.4,
9.4Hz, 1H, H2), 5.90 (dt, J=3.6, 9.4Hz, 1H, H3); 1*C
NMR (125MHz, CDCl;) 6 21.1 (1-CHj3), 28.0 (X3,
C(CHs3)3), 36.9 (C7), 37.7 (C4), 38.5 (C6), 43.1 (CB), 44.3
(C5), 46.0 (C1), 80.6 (C(CH3)3), 129.1 (C3), 133.3 (C2),
173.9 (CO,), 215.4 (CO); HRMS (EI) Calcd for C;5sH»,04
[M*] 250.1569. Found 250.1570; Anal. Caled for
CsH»,05: C, 7197, H, 8.86. Found: C, 72.02; H,
8.88.

Typical procedure for one-pot annulation (method B): To
a solution of LDA [diisopropylamine (0.08 mL,
0.58 mmol), n-BuLi (1.56M in THF, 0.31 mL, 0.48 mmol),
THF, 0°C, 30min] was added a solution of 8 (50.2mg,
0.40mmol) in THF (0.5mL) at —78°C. The reaction
mixture was stirred at —78°C for 30min. Then, a solution
of acrylate 2¢ (81.2mg, 0.48 mmol) in THF (0.5mL) was
added to the mixture at —78 °C. After the reaction mixture
was allowed to warm to rt over 6h, to the reaction mixture
was added K,CO; (167.7mg, 1.21mmol) and TBAB
(130.9mg, 0.41 mmol). The mixture was stirred at 90°C
for 18h. After complete consumption of 3¢ by GC
monitoring, the mixture was cooled to rt and quenched
with 1N HCI. The resulting mixture was extracted with
ether. The combined organic layer was washed with H,O,
brine, dried over MgSQ,, filtered, and evaporated. The
resulting residue was purified by preparative TLC (silica
gel, hexane/EtOAc = 10/1) to give annulation products
14c, 15¢ and 16¢ (14c: 34%, 15¢: 32%, 16¢: 4%, Table 4,
entry 3).
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