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ABSTRACT: Asymmetric total synthesis of (+)-sphaerodiol (2) has been achieved. A key step is an intramolecular [2 + 2]
cycloaddition of alkyl(phenylthio)ketene for rapid assembly of the decalin ring.

The Asteraceae family contains over 1000 eudesmanes, with
almost every conceivable oxidation pattern within the

carbon framework.1 Considerable efforts have been devoted to
the total synthesis of eudesmane sesquiterpenoids over the past
decades,2 in which the rigid decalin skeleton 1 possessing
multiple hydroxyl functions (i.e., euonyminol) posed a
significant synthetic challenge. It is thus highly desirable to
develop a facile and diversified strategy for the total synthesis of
eudesmane sesquiterpenes.

The natural eudesmane sesquiterpene compound
(+)-sphaerodiol (2)3 with C1, C14-dihydroxyl was isolated
from polyachyrus sphaerocephalus by Bohlmann and co-workers
in 1991.4 In continuation of our ongoing studies on the total
synthesis of bioactive sesquiterpenoids,5 we report herein the
development of a novel method of intramolecular [2 + 2]
cycloaddition of alkyl(phenylthio)ketene to construct the
decalin ring (Scheme 1B) and its application in the total
synthesis of (+)-sphaerodiol (2).
The cycloaddition of ketenes to alkenes is a generally popular

method for the synthesis of cyclobutanone derivatives.6

Although the intramolecular [2 + 2] cycloadditions of ketenes
to alkenes generate synthetically useful polycyclic compounds
with a high degree of regio- and stereocontrol,7 this method has
been applied by a few groups for the synthesis of natural
products.8 Heterosubstituted ketenes, such as the alkyl(phenyl-
thio)ketenes, have shown enhanced reactivity toward functional
groups (Scheme 1A).9 To the best of our knowledge, the

intramolecular cycloaddition of those type of ketenes has not
been explored systematically. Therefore, it is in our interest to
explore the intramolecular [2 + 2] cycloaddition of alkyl-
(phenylthio)ketene for the construction of the decalin ring
system of typical eudesmanes (Scheme 1B).
Previous studies by Ghosez and co-workers10 have shown

that the ketenes prepared by the treatment of acid chloride 3a
and 3e (entries 1 and 5, Table 1) with Et3N provided the
cycloadducts 4a, e in only 3% yield both.11 When the
phenylthio group was introduced to the α position of carbonyl
acid chloride 3b, the yield of the cycloadduct 4b was only
slightly increased to 6% (entry 2, Table 1). Therefore, we set
out to investigate other substrates for the cycloaddition.
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Scheme 1. [2 + 2] Cycloaddition of (Phenylthio)ketenes
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It has been reported that activation of carboxylic acid with
Mukaiyama’s reagent is superior to the corresponding acid
chloride for the in situ generation of ketene and subsequent
cyclization.8f Mukaiyama’s reagent (2-chloro-N-methyl-
pyridinium iodide)12 is an effective reagent to generate ketenes
in situ for subsequent [2 + 2] cycloadditions with alkenes,13

allenes,14 aldehydes,15 imines,16 and hydrazones.17 Although
initial studies on the acid 3c with Mukaiyama’s reagent failed to
yield desired intramolecular cycloadduct 4a, when the phenyl-
thio-substituted acid 3d and 3f were added to a solution of
Mukaiyama’s reagent and Et3N in refluxing CH3CN, cyclo-
adducts 4b and 4f were obtained as single diastereomers in 70%
and 62% yields, respectively (entries 4 and 6, Table 1). Based
on these results, it could be inferred that the introduction of
phenylthio-substituent to ketene can enhance the reactivity and
the phenylthio-substituted ketene could be generated efficiently
by the reaction of acid with Mukaiyama’s reagent.
Then, in order to construct the decalin ring of eudesmane,

some elaborated substrates were employed. The cycloaddition
was carried out under the optimal conditions as described
above. Results are summarized in Table 2. The α-phenylthio
acid 5b, which has a four-carbon-atom tether conformationally
restricted by a six-membered ring, was investigated to give the
tricyclic cycloadduct 6b in 70% yield with 2.5:1 dr.18 For
comparison, the acid 5a without a phenythio-substituent could

not afford any cycloadduct. Moreover, the methylthio-
substituted acid 5c (entry 3) could also produce tricyclic
adduct 6c with the same diastereoselectivity but in a lower yield
of 57%. As illustrated in entries 1−3, the reactivity of
phenylthio-substituted ketene is superior to that of methyl-
thio-substituted ketene, probably because the phenyl group
works as an inductively withdrawing group when bonding with
the sulfur atom which could stabilize the ketene more
effectively and avoid the side reactions.8i Further modified
substrates 5d and 5e can also be converted to the cycloadducts
in excellent yields (entries 4 and 5); however, 5f gave the
corresponding product 6f with excellent diastereoselectivity
albeit in a low yield (entry 6).19

As an example, the α-phenylthio acid 5d as the key
intermediate to the synthesis of (+)-sphaerodiol (2) was
prepared as follows (Scheme 2). (S)-Perillyl bromide 7,
obtained from commercially available (S)-perillyl aldehyde,20

reacted with the aldehyde 8 to give the alcohol 9 via a Barbier-
type reaction.21 Alcohol 9 was a diastereomeric mixture that

Table 1. Intramolecular Ketene [2 + 2] Cycloaddition of 3

aMethod A: Ketenes were generated by adding the solution of Et3N to
the solution of acid chloride in refluxing CH2Cl2.

bMethod B: Ketenes
were generated by adding the solution of carboxylic acid to a solution
of Et3N and 2-chloro-N-methylpyridinium iodide in refluxing CH3CN.
cIsolated yield.

Table 2. Intramolecular Ketene [2 + 2] Cycloaddition of 5

aIsolated yield. bDetermined by 1H NMR. cDetermined by separation
through chromatography.
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was converted to ketones 10 and 11 by Dess-Martin
oxidation.22 Compound 10 was then separated by column
chromatography. Protection of the ketone in 10 and
introduction of phenylthio group, followed by hydrolysis of
ester, provided acid 5d in 71% yield.
The cycloadduct 6d derived from acid 5d underwent smooth

desulfurization upon exposure to activated Zn dust and NH4Cl
in MeOH under reflux, and was then oxidized by H2O2, which
gave five-membered lactone 12 in 73% yield over two steps
(Scheme 3). The structure of 12 was confirmed by single
crystal X-ray analysis (see Supporting Information (SI)). A

hydroxyl group was introduced to the α position of lactone 12
by the reaction of enolate with Davis’ oxaziridine.23 Then the
compound was reduced with LiAlH4 to give diastereomeric
lactols. Without separation, the resultant lactols underwent
oxidative cleavage using NaIO4 to furnish a formate aldehyde.
The formate aldehyde residue was further reduced with LiAlH4
to give C1, C14-diol. Deprotection of the ketal group using 1 M
HCl afforded 13 in 69% yield over five steps. The cis-fused
decalin ring system of 13 was confirmed according to the X-ray
crystallographic analysis of a single crystal of ester derivative 17
(see SI). Ketone 13 could be epimerized under basic conditions
to give a mixture of 13 and trans-14(a, b) in a ratio of 4:1.
Thus, by a repeated epimerization−separation sequence,
undesired ketone 13 was mostly converted to a mixture of
ketone 14a and hemiketal 14b. Wittig reaction of 13 with
Ph3PMeBr and t-BuOK gave compound 15 (5-epi-2), and
Wittig reaction of 14 furnished target compound 2. 14-Acetoxy-
lα-hydroxy-5,10-bis-epi-eudesma-4(15),11(13)-diene (16) was
obtained after acylation of the 14-hydroxy of compound 2. The
synthetic product 2 (1H NMR, 13C NMR, IR and HRMS)24

and 16 (1H NMR, IR) were identical spectroscopically to the
natural products as previously reported.25

In summary, we have described the intramolecuar [2 + 2]
cycloaddition of alkyl(phenylthio)ketene prepared from the
corresponding acids to construct a decalin ring, and
demonstrated the utility of the strategy for the first asymmetric
total synthesis of (+)-sphaerodiol (2) in 6% yield via 15 steps.
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Scheme 3. Total Synthesis of (+)-Sphaerodiol (2)

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b00407
Org. Lett. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b00407/suppl_file/ol8b00407_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b00407/suppl_file/ol8b00407_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00407
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00407
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b00407/suppl_file/ol8b00407_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1588362&id=doi:10.1021/acs.orglett.8b00407
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1588364&id=doi:10.1021/acs.orglett.8b00407
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:wuxiang@hfut.edu.cn
mailto:wdli@cqu.edu.cn
http://orcid.org/0000-0001-5428-9063
http://dx.doi.org/10.1021/acs.orglett.8b00407


■ REFERENCES
(1) For a comprehensive review of the eudesmane sesquiterpenoids
of the Asteraceae family, see: Wu, Q.-X.; Shi, Y.-P.; Jia, Z.-J. Nat. Prod.
Rep. 2006, 23, 699.
(2) For general reviews on sesquiterpene syntheses, see: (a) Heath-
cock, C. H. In The Total Synthesis of Natural Products; ApSimon, J.,
Ed.; John Wiley and Sons: New York, 1973; Vol. 2, pp 197−558.
(b) Heathcock, C. H.; Graham, S. L.; Pirrung, M. C.; Plavac, F.; White,
C. T. The Total Synthesis of Natural Products; ApSimon, J., Ed.; John
Wiley and Sons: New York, 1983; Vol. 5. (c) Spivey, A. C.; Weston,
M.; Woodhead, S. Chem. Soc. Rev. 2002, 31, 43. (d) Gao, J.-M.; Wu,
W.-J.; Zhang, J.-W.; Konishi, Y. Nat. Prod. Rep. 2007, 24, 1153.
(e) Fraga, B. M. Nat. Prod. Rep. 2013, 30, 1226. (f) Lu, Y.; Qi, W.;
Weng, G.; Zhang, X. Youji Huaxue 2015, 35, 1407. (g) Stathakis, C. I.;
Gkizis, P. L.; Zografos, A. L. Nat. Prod. Rep. 2016, 33, 1093. (h) Das,
D.; Chakraborty, T. K. Tetrahedron Lett. 2016, 57, 3665. (i) Han, J.-C.;
Liu, X.; Zhao, J.; Li, S.; Li, C.-C. Tetrahedron 2017, 73, 3289. For
recent examples on eudesmane syntheses, see: (j) Ferraz, H. M. C.;
Souza, A. J. C.; Tenius, B. S. M.; Bianco, G. G. Tetrahedron 2006, 62,
9232. (k) Chen, K.; Baran, P. S. Nature 2009, 459, 824. (l) Levine, S.
R.; Krout, M. R.; Stoltz, B. M. Org. Lett. 2009, 11, 289. (m) Ma, K.;
Zhang, C.; Liu, M.; Chu, Y.; Zhou, L.; Hu, C.; Ye, D. Tetrahedron Lett.
2010, 51, 1870. (n) Kumaran, R. S.; Mehta, G. Tetrahedron 2015, 71,
1547. (o) Zaki, M.; Tebbaa, M.; Hiebel, M.-A.; Benharref, A.; Akssira,
M.; Berteina-Raboin, S. Tetrahedron 2015, 71, 2035. (p) Tori, M.
Chem. Pharm. Bull. 2016, 64, 193.
(3) The compound was isolated from polyachyrus sphaerocephalus. Its
systematic name is 1,14-dihydroxy-5,10-bisepieudesma-4(15),11 (13)-
diene, yet we refer to the compound as sphaerodiol for convenience.
The absolute configuration of sphaerodiol has not been confirmed, and
we report here the first asymmetric synthesis of (+)-sphaerodiol.
(4) Pritschow, P.; Jakupovic, J.; Bohlmann, F.; Bittner, M.; Niemeyer,
H. Phytochemistry 1991, 30, 893.
(5) For our continuous interests, see: (a) Zhou, G.; Gao, X.-L.; Li,
W.-D. Z.; Li, Y.-L. Tetrahedron Lett. 2001, 42, 3101. (b) Li, W.-D. Z.;
Zhou, G.; Gao, X.-L.; Li, Y.-L. Tetrahedron Lett. 2001, 42, 4649.
(c) Zhang, Z.; Li, W.-D. Z.; Li, Y.-L. Org. Lett. 2001, 3, 2555. (d) Li,
W.-D. Z.; Gao, Z.-H. Org. Lett. 2005, 7, 2917; 2009, 11, 2043
(Erratum).10.1021/ol050850p (e) Wang, C. C.; Li, W.-D. Z. J. Org.
Chem. 2012, 77, 4217. (f) Shen, S. J.; Li, W.-D. Z. J. Org. Chem. 2013,
78, 7112.
(6) Carbocyclic Four-Membered Ring Compounds. In Houben-Weyl
Methods of Organic Chemistry; de Meijere, A., Ed.; Thieme: Stuttgart,
1997; Vol. 17e/f.
(7) For a review, see: Snider, B. B. Chem. Rev. 1988, 88, 793.
(8) Selected examples of intramolecular cycloadditions of ketene:
(a) Ireland, R. E.; Godfrey, J. D.; Thaisrivongs, S. J. Am. Chem. Soc.
1981, 103, 2446. (b) Corey, E. J.; Desai, M. C.; Engler, T. A. J. Am.
Chem. Soc. 1985, 107, 4339. (c) Oppolzer, W.; Nakao, A. Tetrahedron
Lett. 1986, 27, 5471. (d) Kulkarni, Y. S.; Niwa, M.; Ron, E.; Snider, B.
B. J. Org. Chem. 1987, 52, 1568. (e) Corey, E. J.; Kang, M.-c.; Desai,
M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.
(f) Funk, R. L.; Novak, P. M.; Abelman, M. M. Tetrahedron Lett. 1988,
29, 1493. (g) Shishido, K.; Azuma, T.; Shibuya, M. Tetrahedron Lett.
1990, 31, 219. (h) Vo, N. H.; Snider, B. B. J. Org. Chem. 1994, 59,
5419. (i) Paquette, L. A.; Sun, L. Q.; Watson, T. J. N.; Friedrich, D.;
Freeman, B. T. J. Am. Chem. Soc. 1997, 119, 2767. (j) Paquette, L. A.;
Sun, L. Q.; Watson, T. J. N.; Friedrich, D.; Freeman, B. T. J. Org.
Chem. 1997, 62, 8155. (k) Mushti, C. S.; Kim, J.-H.; Corey, E. J. A. J.
Am. Chem. Soc. 2006, 128, 14050. (l) Shishido, K.; Ozawa, T.;
Kanematsu, M.; Yokoe, H.; Yoshida, M. Heterocycles 2012, 85, 2927.
(m) Lachia, M.; Jung, P. M. J.; De Mesmaeker, A. Tetrahedron Lett.
2012, 53, 4514. (n) Hoshikawa, T.; Tanji, K.; Matsuo, J.-i.; Ishibashi,
H. Chem. Pharm. Bull. 2012, 60, 548. (o) Araki, T.; Manabe, Y.;
Fujioka, K.; Yokoe, H.; Kanematsu, M.; Yoshida, M.; Shishido, K.
Tetrahedron Lett. 2013, 54, 1012. (p) Araki, T.; Ozawa, T.; Yokoe, H.;
Kanematsu, M.; Yoshida, M.; Shishido, K. Org. Lett. 2013, 15, 200.
(q) Hatakeyama, S.; Matsubara, T.; Ishihara, J. Heterocycles 2015, 90,
405.

(9) (a) Bellus,̌ D. Helv. Chim. Acta 1975, 58, 2509. (b) Minami, T.;
Ishida, M.; Agawa, T. J. Chem. Soc., Chem. Commun. 1978, 1, 12.
(c) Ishida, M.; Minami, T.; Agawa, T. J. Org. Chem. 1979, 44, 2067.
(d) Michel, P.; O’Donnell, M.; Biname, R.; Hesbain-Frisque, A. M.;
Ghosez, L.; Declercq, J. P.; Germain, G.; Arte, E.; Van Meerssche, M.
Tetrahedron Lett. 1980, 21, 2577. (e) Palomo, C.; Cossio, F. P.;
Odriozola, J. M.; Oiarbide, M.; Ontoria, J. M. Tetrahedron Lett. 1989,
30, 4577. (f) Palomo, C.; Cossio, F. P.; Odiozola, J. M.; Oiarbide, M.;
Ontoria, J. M. J. Org. Chem. 1991, 56, 4418. (g) Kobbing, S.; Mattay, J.
Tetrahedron Lett. 1992, 33, 927. (h) Haas, A.; Radau, G. J. Fluorine
Chem. 1998, 89, 9. (i) Lawlor, M. D.; Lee, T. W.; Danheiser, R. L. J.
Org. Chem. 2000, 65, 4375. (j) Danheiser, R. L.; Okamoto, I.; Lawlor,
M. D.; Lee, T. W. Org. Synth. 2003, 80, 160. (k) Ghosez, L.; Yang, G.;
Cagnon, J. R.; Le Bideau, F.; MarchandBrynaert, J. Tetrahedron 2004,
60, 7591. (l) Jiao, L.; Liang, Y.; Xu, J. J. Am. Chem. Soc. 2006, 128,
6060. (m) Singh, P.; Singh, P.; Kumar, K.; Kumar, V.; Mahajan, M. P.;
Bisetty, K. Heterocycles 2012, 86, 1301.
(10) Marko, I.; Ronsmans, B.; Hesbain-Frisque, A.-M.; Dumas, S.;
Ghosez, L.; Ernst, B.; Greuter, H. J. Am. Chem. Soc. 1985, 107, 2192.
(11) The yield of the cycloadducts had been improved by
intramolecular cycloaddition of keteniminium salts to olefins (ref
10) or introducing chloride atom, see: Snider, B. B.; Kulkarni, Y. S. J.
Org. Chem. 1987, 52, 307.
(12) (a) Mukaiyama, T. Angew. Chem., Int. Ed. Engl. 1979, 18, 707.
(b) Mukaiyama, T. Pure Appl. Chem. 1979, 51, 1337.
(13) Funk, R. L.; Abelman, M. M.; Jellison, K. M. Synlett 1989, 1989,
36.
(14) McCaleb, K. L.; Halcomb, R. L. Org. Lett. 2000, 2, 2631.
(15) (a) Cortez, G. S.; Tennyson, R.; Romo, D. J. Am. Chem. Soc.
2001, 123, 7945. (b) Cortez, G. S.; Oh, S. H.; Romo, D. Synthesis
2001, 2001, 1731. (c) Oh, S. H.; Cortez, G. S.; Romo, D. J. Org. Chem.
2005, 70, 2835.
(16) (a) Cremonesi, G.; Croce, P. D.; Fontana, F.; Rosa, C. L.
Tetrahedron: Asymmetry 2008, 19, 554. (b) Behzadi, M.; Saidi, K.;
Islami, M. R.; Khabazzadeh, H. J. Chem. Sci. 2016, 128, 111. (c) Islami,
M.; Hosseinkhani, B.; Hosseinkhani, S. Synlett 2015, 26, 2277.
(17) (a) Diez, E.; Fernandez, R.; Marques-Lopez, E.; Martin-Zamora,
E.; Lassaletta, J. M. Org. Lett. 2004, 6, 2749. (b) Marques-Lopez, E.;
Martin-Zamora, E.; Diez, E.; Fernandez, R.; Lassaletta, J. M. Eur. J.
Org. Chem. 2008, 2008, 2960.
(18) The cycloadducts are diastereomers. The structures of major
cycloadducts are as drawn, and the structures of the minor are the
trans-conformation of the decalin ring. The structure determination of
diastereoisomers, see Supporting Information.
(19) For a review on [2 + 2] cycloaddition mechanisms of ketenes
and alkenes, see: Tidwell, T. T. Ketenes II; Wiley: NJ, 2006; pp 474−
487 and references therein. Proposed transition states to account for
the stereochemical outcome, see Supporting Information.
(20) Barrero, A. F.; Herrador, M. M.; Quílez del Moral, J. F.; Arteaga,
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