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Abstract

An enantioselective synthesis of (+)-coronafacic acid has been achieved. Rhodium catalyzed
cyclization of an α-diazoester provided the intermediate cyclopentanone in high enantiomeric purity.
Subsequent Fe-mediated cyclocarbonylation of a derived alkenyl cyclopropane gave a bicyclic
enone, that then was hydrogenated and carried on to the natural product.

Introduction
Bicyclic and polycyclic ring systems are common in structurally complex and physiologically-
active natural products. Although there are many methods of preparing such ring systems, the
number of approaches to carbopolycyclic scaffolds is more limited. Corey demonstrated the
utility of an enzyme to convert 20,21-dehydro-2,3-oxidosqualene to a dehydroprotosterol.
Hajos2 employed a catalytic amount of (S)-(−)-proline in an asymmetric aldol condensation
to form optically pure bicyclic intermediates. We3 were able to demonstrate that a single
stereogenic center on the bridge between the diene and dienophile could set the absolute center
of an intramolecular Diels-Alder reaction leading to a carbobicyclic 6,6-system. Corey4
reported examples of catalytic enantioselective [2+2] cycloaddition catalyzed by chiral
aluminum bromide complexes to form 5,4-, 6,4-, and 7,4-carbobicyclic systems. We5 also
reported another approach to enantioselective polycyclic construction, utilizing Shi
epoxidation followed by selective ring opening, and then intramolecular alkylation to set the
stereogenic centers. We6 further showed in our synthesis of (+)-sulcatine G, that
enantiospecific C-H insertion, followed by intramolecular alkylation, could also be applied to
carbobicycle construction. Schaus7 demonstrated the utility of the Morita-Baylis Hillman
reaction, coupled with the Hosomi-Sakauri, to construct 6,6-bicyclic systems. Gaunt8 reported
a strategy using oxidative dearomatization and amine-catalyzed enantioselective
desymmetrizing Michael reaction to form 6,6-carbobicycles. In the Phillips9 synthesis of (+)-
cyanthiwigin U, tandem metathesis was used to enantioselectively construct the
polycarbocycle. Recently, Ishihara10 utilized enantioselective Robinson annulation and
cycloaddition reactions catalyzed by chiral Lewis acids for polycarbocycle construction.

We had developed (Scheme 1) a general route to enantiomerically pure 5,3- and 6,3-
carbobicyclic scaffolds by cyclization of menthyl esters such as 1 to the cyclopentanone 2.
11a Nakada11l,r,s later reported an enantioselective preparation of similar carbocyclic esters
and sulfones by copper catalyzed asymmetric intramolecular cyclopropanation. We have
improved upon our intramolecular cyclization11a by increasing the selectivity and preparative
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yield of the cyclization. We anticipated that we could convert the ester to the alkenyl
cyclopropane 3. We speculated12 that Fe-mediated cyclocarbonylation of the alkenyl
cyclopropane could deliver the bicyclic enone 4. If this were successful, the enone 4 could then
be transformed in a few steps to the natural product (+)-coronafacic acid 5.

Background and Results
Coronatin 6 (Eq. 1) is a phytotoxin produced by Pseudomonas syringae. Its structure is
composed of coronafacic acid 5, a bicyclic core with three stereogenic centers, and coronamic
acid 7, a cyclopropane amino acid derived from isoleucine. Both coronatin and coronafacic
acid have been reported to mimic jasmonic acid. All three compounds induce tubers, induce
cell expansion, inhibit cell division, and promote senescence in plants.13 While there were 15
previous total syntheses of coronafacic acid,14 only one enantioselective route had been
reported.14m

(1)

Intramolecular Cyclopropanation
Dirhodium tetracarboxylate catalysts are known to cyclize α-diazo esters, such as 1. Earlier,
we had cyclized 1 to a 1:1 mixture of 2 and 8 (Eq. 2), using a copper bronze catalyst.11a We
separated the menthyl esters 2 and 8 by column chromatography, leading to pure 2 in 21%
yield. We have investigated a diverse selection of dirhodium tetracarboxylate catalysts to
improve upon those earlier results.

(2)

We have found (Table 1) that, by using Rh (II) catalysts, we could induce some
diastereoselectivity in this cyclization. We found that dirhodium pivalate at room temperature
provided the best preparative yield, 63%, of the desired cyclopentanone 2.

Preparation of alkenyl cyclopropane 6
With the initial two stereocenters set, we protected (Scheme 2) the ketone as the ketal 9.
Attempts to reduce the ester directly to the aldehyde with less than an equivalent of lithium
aluminum hydride or with DIBAL delivered a mixture of alcohol, aldehyde, and the starting
ester. We found that completely converting the ester 2 to the alcohol followed by oxidization

Taber et al. Page 2

J Org Chem. Author manuscript; available in PMC 2010 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to aldehyde 10 with Dess-Martin reagent was more effective. We were then able to perform a
Wittig reaction on aldehyde 10 to give alkenyl cyclopropane 3.

Preparation of enone 9
We12b,c,d had reported the preparation of 2,5 and 5-substituted cyclohexenones via Fe-
mediated cyclocarbonylation. More recently, we found that we could couple the Wittig reaction
with Fe-mediated cyclocarbonylation to convert aldehydes to 2-substituted cyclohexenones.
12e Sarel12a demonstrated the photochemical expansion of a methylene spiroalkane 11 to the
bicyclic enones 12 and 13 in his studies of (+)-α-thujene (Eq. 3). The cyclocarbonylation to a
bicyclic enone from a 5,3- or 6,3-ring fused alkenyl cyclopropane such as 3 had not yet been
reported.

(3)

We found (Eq. 4) that UV irradiation of 3 in the presence of Fe(CO)5 converted the alkenyl
cyclopropane 3 to the bicyclic cyclohexenone 4 in low yield with accompanying deketalization.
We found that by adding K2CO3 to the irradiation, the reaction was buffered and ketal
deprotection was avoided. The use of tetrahydrofuran, rather than isopropanol,12b–e as the
reaction solvent doubled the conversion of 3 to 4. We found it practical to run the
cyclocarbonylation to about 40% conversion (TLC), as longer irradiation led to diminished
yield. The unreacted starting material was easily separated and recycled.

The kinetic product from the cyclocarbonylation was the β,γ-unsaturated ketone. This was not
purified, but was converted to the desired α,β-unsaturated ketone 4 by stirring for an hour at
room temperature with DBU.

(4)

Synthesis of (+)-Coronafacic Acid
Pd-mediated hydrogenation of the cyclohexenone 4 (Scheme 4) at ambient temperature and
pressure provided the bicyclic ketone 11 as a single diastereomer. Carbomethoxylation
followed by reduction with sodium borohydride gave the alcohol 12 as a mixture of
diastereomers. Dehydration of the mixture by mesylation and subsequent addition of DBU
gave the ketal-protected coronafacic methyl ester 13 as a single diastereomer. Deprotection
and ester hydrolysis were then completed in one step with aqueous HCl at reflux to give the
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natural product 5. The physical data, including optical rotation (obs., [α]20
D +104, lit.,14o

[α]20
D +105) were consistent with those previously reported for (+)-coronafacic acid.

Conclusion
We have completed an enantioselective synthesis of (+)-coronofacic acid. We were able to set
the initial two stereogenic centers utilizing rhodium catalyzed intramolecular
cyclopropanation. We were then able to expand the cyclopropane utilizing Fe-mediated
cyclocarbonylation. We expect that this will be a general route to enantiomerically pure 6,5-
and 6,6-carbobicyclic systems.

Experimental Section
(1S,2R,5S)-5-Methyl-2-(propan-2-yl)cyclohexyl 2-oxobicyclo[3.1.0]hexane-1-carboxylate 2
and 8

Rh2(Piv)4
15a (5 mg) was added to α-diazoester 111a (6.12 g, 20 mmol) in 20 mL of dry

CH2Cl2 (1.0 M) at rt. The solution was stirred at rt for 1 h, and then additional Rh2(Piv)4 (5
mg) was added and the reaction was allowed to stir for an additional 2 h. The mixture was
concentrated and the residue chromatographed using 94:6 hexanes/EtOAc as elution solvent
to give the cyclopentanone 2 (3.61 g, 63% yield) and 8 (1.78 g, 32% yield) as an oil.
Cyclopentanone 2 was then crystallized at −78°C in petroleum ether (5 mL) to give 2 (3.49 g,
62% as a white crystalline solid, mp = 34–36°C, [α]20

D +47.2 (c=1.0, CH2Cl2); TLC Rf = 0.27
(9:1 hexanes/EtOAc); 1H NMR δ4.71 (dt, J = 4.9, 11.5 Hz, 1H), 2.54 (m, 1H), 2.22 (m, 3H),
2.01 (m, 4H), 1.68 (d, J = 12.1 Hz, 2H), 1.34–1.48 (m, 3H), 0.88–1.05 (m, 9H), 0.75 (d, J= 7.6
Hz, 3H); 13C NMR δ u:16 207.0, 167.6, 40.6, 37.8, 34.2, 33.5, 21.4, 21.0; d: 74.9, 46.8, 32.4,
31.3, 25.8, 23.1, 21.9, 20.8, 16.0; IR 2952, 1736, 1454, 1383, 1311 cm−1; MS m/z (%) 279 (M
+H, 100), 263 (48), 141 (98), 123 (79); HRMS: Calcd for C17H27O3 (M+H) 279.1960, obsd
279.1967. For cyclopentanone 8: (1.45 g, 27% as an oil, [α]20

D −47.0 (c=1.0, CH2Cl2); TLC
Rf = 0.25 (9:1hexanes/EtOAc); 1H NMR δ 4.65 (dt, J = 4.9, 11.5 Hz, 1H), 2.49 (m, 1H), 2.16
(m, 3H), 1.93 (m, 3H), 1.75 (m, 1H), 1.60 (d, J = 12.1 Hz, 2H), 1.34–1.48 (m, 3H), 0.88–1.05
(m, 9H), 0.67 (d, J = 7.6 Hz, 3H); 13C NMR δu: 207.0, 167.6, 40.7, 37.7, 34.2, 33.6, 21.6, 20.7;
d: 74.9, 46.8, 32.2, 31.3, 26.2, 23.4, 22.0, 20.9, 16.3; IR 2950, 1735, 1454, 1384, 1311 cm−1;
MS m/z (%) 279 (M+H, 100), 263 (49), 141 (98), 123 (79); HRMS: Calcd for C17H27O3 (M
+H) 279.1960, obsd 279.1967.

Ketal 9
2, 2-Dimethyl-1,3-propanediol (2.11g, 24 mmol), p-toluenesulfonic acid monohydrate (5 mg,
0.02 mmol), and cyclopentanone 2 (3.33 g, 12 mmol) were combined in 24 mL of dry toluene.
The solution was maintained at reflux for 8 h. The reaction was concentrated, and the residue
was chromatographed to give the ketal 6 (3.89 g, 89% yield) as a white solid, mp = 97–99°C;
[α]20

D +32.1(c=1.0, CH2Cl2); TLC Rf = 0.49 (8:2 petroleum ether/MTBE); 1H NMR δ 4.69
(dt, J = 4.9, 11.5 Hz, 1H), 3.62 (d, J =11.2 Hz, 1H), 3.47 (m, 3H), 2.43 (dd, J =8.2, 13.6 Hz,
1H) 1.87–2.10(m, 4H), 1.66–1.74 (m, 3H), 1.39–1.48 (m, 5H), 1.14 (m, 2H), 1.06 (m, 3H),
0.868–1.05 (m, 7H), 0.74 (m, 6H); 13C NMR δ u: 170.6, 107.1, 73.2, 71.7, 40.7, 37.0, 34.5,
30.2, 25.2, 23.6, 23.3, 23.0, 16.8; d: 74.3, 47.0, 31.4, 26.0, 24.6, 22.1, 22.0, 20.8, 16.4; IR 2950,
1705, 1455, 1384, 1309 cm−1; MS m/z (%) 365 (M+H, 87), 279 (7), 227 (100), 209 (63), 182
(36), 141 (65), 128 (60); HRMS: Calcd for C22H36O4 364.2614, obsd 364.2623.

(1S,5R)-5′,5′-Dimethyl-1H-spiro[bicyclo[3.1.0]hexane-2,2′-[1,3]dioxane]-1-carbaldehyde 10
LiAlH4 (1.0 M Solution in THF, 12 mL, 12 mmol) was added over 10 min to ketal 9 (3.64 g,
10 mmol) in 10 mL (1.0 M) of dry THF at rt The solution was stirred at rt for 2 h. Ethyl acetate
(5 mL) was added dropwise over 30 minutes followed by sodium sulfate decahydrate (3.2 g,
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10 mmol). The mixture was stirred at rt for 2 h, then filtered through a pad of silica gel with
ethyl acetate (20 mL) and concentrated. The residue was chromatographed to give the crude
alcohol. Dess-Martin periodinane (4.24 g, 11 mmol) was added to the alcohol in 10 mL of dry
dichloromethane at rt. The mixture was concentrated and the residue was chromatographed to
give the aldehyde 10 (1.62 g, 77% yield from 9) as an oil, TLC Rf = 0.34 (8:2 petroleum ether/
MTBE); [α]20

D −59.1 (c=1.0, CH2Cl2); 1H NMR δ 10.36 (s, 1H), 3.72 (d, J = 11.2 Hz, 1H),
3.54 (d, J =11.2 Hz, 1H), 3.48 (s, 2H), 2.47 (dd, J =8.6, 14.3 Hz, 1H), 2.07 (m, 1H), 1.90 (m,
1H), 1.79 (m, 1H), 1.49 (dd, J =5.2, 13.0 Hz, 1H), 1 30 (m, 3H), 1.17 (m, 2H), 0.77 (s,
3H); 13C NMR δ u: 107.7, 73.3, 71.6, 44.8, 30.0, 25.6, 24.2, 18.6; d: 201.1, 30.5, 22.9, 22.0;
IR 2953, 1700, 1467, 1335, 1116 cm−1; MS m/z (%) 211 (M+H, 58), 181 (55), 141 (67), 123
(100); HRMS: Calcd for C12H18O3 210.1256, obsd 210.1262.

(1S,5R)-1-[(1Z)-But-1-en-1-yl]-5′,5′-dimethylspiro[bicyclo[3.1.0]hexane-2,2′-[1,3]dioxane] 3
Potassium t-butoxide (1.0 M solution in THF, 20 mL, 20 mmol) was added over 20 min to a
suspension of propyltriphenylphosphonium bromide (3.50 g, 9 mmol) in 20 mL of dry THF at
0°C. The external cooling was removed and the mixture was stirred for 30 min. The aldehyde
10 (1.57 g, 7.5 mmol) was added, and the mixture was stirred at rt for 1 h. The mixture was
quenched with water (50 mL) and then partitioned between water and EtOAc. The combined
organic extract was dried (MgSO4) and concentrated. The residue was chromatographed to
give the alkenyl cyclopropane 3 (1.84 g, 78% yield) as an oil, [α]20

D +20.8 (c=1.0, CH2Cl2);
TLC Rf = 0.74 (8:2 petroleum ether/MTBE); 1H NMR δ 5.70 (d, J = 8.0 Hz, 1H), 5.48 (m, 1H),
3.56 (d, J =11.6 Hz, 1H), 3.43 (d, J =11.6 Hz, 1H), 3.40 (s, 2H), 2.18–2.29 (m, 3H), 1.93 (m,
1H), 1.72 (dd, J =8.0, 12.0 Hz, 1H), 1.41 (m, 1H), 1.17 (m, 4H), 0.95 (t, J =7.2 Hz, 3H), 0.85
(m, 1H), 0.71 (s, 3H), 0.65 (dd, J =4.2, 7.2 Hz, 1H); 13C NMR δ u: 110.0, 73.1, 71.4, 33.2,
30.1, 24.7, 24.6, 21.8, 14.7; d: 136.6, 125.5, 22.7, 22.5, 22.1, 14.3; IR 2950, 2859, 1211, 1153,
1117 cm−1; MS m/z (%) 237 (M+H, 18), 201 (100), 183 (54), 141 (71); HRMS: Calcd for
C15H24O2 236.1776, obsd. 236.1767.

(3a′R,7a′R)-6′-Ethyl-5,5-dimethyl-2′,3′,3a′,7a′-tetrahydrospiro[1,3-dioxane-2,1′-inden]-5′(4′H)-
one 4

To the alkenyl cyclopropane 3 (236 mg, 1.0 mmol) and potassium carbonate (280 mg, 2.0
mmol) in 10 mL of 2-propanol and 5 mL of tetrahydrofuran (0.075 M) was added Fe(CO)5
(392 mg, 2.0 mmol). The Pyrex reaction vessel was purged with CO, a CO balloon was attached,
and the mixture was irradiated for 4 h at room temperature as a thin film in a Rayonet apparatus
(300 nm) set for autocooling. The reaction was halted every hour to agitate the tube inside the
larger tube, after which photolysis was restarted. At the end of the irradiation, DBU (304 mg,
2.0 mmol) was added, and the mixture was stirred at room temperature for 1 h under nitrogen.
The mixture was diluted with 40 mL of EtOAc and filtered through a small pad of packed silica
gel. The eluate was concentrated and the residue was chromatographed to give 152 mg of
unreacted 3 and 90 mg of 4 (98% yield based on 3 not recovered) as an oil, [α ]20

D +102.5
(c=1.0, CH2Cl2); TLC Rf= 0.30 (8:2 petroleum ether/MTBE); 1H NMR δ 6.45 (s, 1H), 3.45
(m, 4H), 2.95 (br s, 1H), 2.64 (m, 1H), 2.41 (m, 2H), 2.17 (m, 2H), 1.70– 1.97 (m, 3H), 1.35
(m, 1H), 0.95 (m, 6H), 0.85 (m, 3H); 13C NMR δ u: 198.4, 140.7, 108.2, 71.4, 70.7, 39.9, 30.5,
29.3, 25.0, 21.7; d: 138.9, 45.0, 33.1, 21.5, 21.3, 12.1; IR 2952, 1672, 1493, 1312, 1153
cm−1; HRMS: Calcd for C16H24O3 264.1725, obsd. 264.1731.

(3a′R,6′R,7a′S)-6′-Ethyl-5,5-dimethylhexahydrospiro[1,3-dioxane-2,1′-inden]-5′(4′H)-one 14
Pd/C (5 wt%, 10 mg) was added to the bicyclic enone 4 (85 mg, 0.32 mmol) in 5 mL of
methanol. The reaction vessel was purged with hydrogen, a hydrogen balloon was attached,
and the mixture was stirred at rt for 4 h until the TLC indicated disappearance of the UV
absorbent spot. The mixture was filtered through a plug of Celite and concentrated. The residue
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was chromatographed to give 11 (81 mg, 95% yield) as an oil, [α]20
D +124.6 (c=1.0,

CH2Cl2), TLC Rf = 0.30 (8:2 petroleum ether/MTBE); 1H NMR δ 3.48 (m, 4H), 2.62 (m, 1H),
2.51 (m, 2H), 2.25 (dd, J =5.6, 14.4 Hz, 1H), 2.15 (m, 1H), 2.00 (m, 3H), 1.82 (m, 2H), 1.46
(m, 1H), 1.24 (m, 2H), 1.04 (m, 3H), 0.91 (m, 6H); 13C NMR δ u: 214.2, 109.6, 72.4, 71.5,
43.8, 30.7, 30.0, 28.3, 26.6, 22.3; d: 49.2, 44.3, 37.1, 22.5, 11.6; HRMS: Calcd for
C16H26O3 266.1882, obsd 266.1880.

Methyl (3a′S,5′S,6′R,7a′S)-6′-ethyl-5′-hydroxy-5,5-dimethyloctahydrospiro[1,3-dioxane-2,1′-
indene]-4′-carboxylate 15

Sodium hydride (60%, 24 mg, 0.6 mmol) and dimethyl carbonate (3 mL, 35 mmol) were heated
to reflux for 20 min. A drop of methanol was added via an addition funnel over a condenser
and stirred at reflux for 5 min. Bicyclic ketone 14 (80 mg, 0.3 mmol) in 1 mL dry toluene was
added via an addition funnel over a condenser, and the mixture was stirred at reflux for 3 h.
The mixture was cooled to rt and quenched with saturated aqueous NH4Cl and then partitioned
between water and EtOAc. The combined organic extract was dried (MgSO4) and concentrated.
The residue was dissolved in methanol (5 mL) and NaBH4 (19 mg, 0.5 mmol) was added. The
mixture was stirred at rt for 2 h. The mixture was concentrated and the residue was
chromatographed to give alcohol 15 (44 mg, 45% yield) as an oil, [α]20

D+10.4 (c=1.0,
CH2Cl2); TLC Rf = 0.19 (8:2 petroleum ether/MTBE); 1H NMR δ 4.17 (s, 1H), 3.72 (s, 3H),
3.50 (s, 2H), 3.42 (s, 2H), 2.64 (m 1H), 2.56 (m, 1H), 2.21 (m, 2H), 2.01 (m, 1H), 1.92 (m,
1H), 1.56 (m, 3H), 1.38 (m, 4H), 0.95 (m, 9H); 13C NMR δ u: 176.1, 109.5, 72.7, 71.0, 31.6,
30.1, 30.0, 25.3, 22.3; d: 67.6, 51.7, 46.8, 44.5, 42.0, 36.5, 22.5, 11.7; IR 3488, 2913, 1713,
1289, 1152 cm−1; MS m/z (%) 327 (M+H, 6), 141 (100); HRMS: Calcd for C18H30O5
326.2093, obsd 326.2095.

Methyl (3a′S,6′R,7a′S)-6′-ethyl-5,5-dimethyl-2′,3′,3a′,6′,7′,7a′-hexahydrospiro[1,3-
dioxane-2,1′-indene]-4′-carboxylate 16

Methanesulfonyl chloride (60 mg, 0.36 mmol) was added slowly to alcohol 12 (40 mg, 0.12
mmol) and triethylamine (1 mL, 7.2 mol) in 1 mL of dichloromethane at 0°C. The solution
was stirred to rt over 2 h. DBU (2 mL, 2.04g, 14 mmol) was added and the solution was stirred
at rt for 18 h. The solution was filtered through a pad of silica gel with EtOAc and concentrated.
The residue was chromatographed to give ketal ester 15 (21 mg, 56% yield) as an oil, [α]20

D
+25.5 (c=1.0, CH2Cl2); TLC Rf = 0.44 (8:2 petroleum ether/MTBE); 1H NMR δ 6.84 (s, 1H),
3.72 (s, 3H), 3.52 (s, 2H), 3.45 (d, J =4.4 Hz, 2H), 2.95 (m 1H), 2.34 (m, 1H), 2.12 (m, 3H),
1.84 (m, 2H), 1.47 (m, 4H), 0.98 (m, 9H); 13C NMR δ u: 185.1, 133.3, 109.5, 72.9, 71.2, 31.2,
30.1, 28.2, 27.7, 25.9; d: 143.2, 51.8, 42.8, 38.1, 36.0, 22.5, 11.3; IR 2958, 1714, 1440, 1249
cm−1; MS m/z (%) 309 (M+H, 8), 279 (7), 237 (12), 222 (94), 209 (37), 165 (55), 141 (100),
119 (99); HRMS: Calcd for C18H29O4 (M+H) 309.2066, obsd. 309.2066.

(+)-Coronafacic Acid 5
Hydrochloric acid (20% aqueous, 2 mL) was added to ketal ester 16 (11 mg, 0.07 mmol). The
mixture was heated to reflux for 4 hours. The solution was allowed to cool to rt then partitioned
between water and EtOAc. The combined organic extract was dried (MgSO4) and concentrated.
The residue was chromatographed to give 5 (7 mg, 55% yield) as an oil, TLC Rf = 0.25 (7:3
petroleum ether/EtOAc).; [α]20

D +104 (c=0.1, MeOH), lit.,14o [α]20
D +105. The spectroscopic

data of the natural product 5 were compared with those of earlier syntheses14o and found to
be identical.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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15. For rhodium (II) complexes, see (a) piv = pivalate, see Handa M, Takata A, Nakao T, Kasuga K,
Mikuriya M, Kotera T. Chem Lett 1992;10:2085. tfa = trifluoroacetate, see (b) Duddeck H, Ferguson
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Nakamora S, Anada M, Hashimoto S. Tetrahedron: Asymmetry 2003;14:817.S-dosp = dirhodium
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16. 13C multiplicities were determined with the aid of a JVERT pulse sequence, differentiating the signals
for methyl and methine carbons as “d” and for methylene and quaternary carbons as “u”.
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