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Abstract: The total synthesis of (+)-cavicularin is described.
The synthesis features an enantio- and regioselective pyrone
Diels–Alder reaction of a vinyl sulfone to construct the
cyclophane architecture of the natural product. The Diels–
Alder substrate was prepared by a regioselective one-pot three-
component Suzuki reaction of a non-symmetric dibromoarene.

The Diels–Alder cycloaddition[1] is a protean organic reac-
tion; the variety of dienes and dienophiles that participate is
practically endless. Moreover, the enantioselective Diels–
Alder reaction[2] is a well-developed process for the asym-
metric construction of stereogenic carbon centers. Many
complex target molecules have been made using the enantio-
selective Diels–Alder reaction.[3]

a-Pyrones are useful dienes for Diels–Alder reactions.[4,5]

Not surprisingly, enantioselective a-pyrone Diels–Alder reac-
tions exist. Enantioselective Diels–Alder reactions that
involve a-pyrone dienes fall into three well-defined subtypes
as exemplified in Scheme 1: 1) normal-electron-demand
Diels–Alder reactions of 5-hydroxy-a-pyrones and electron-
deficient alkenes promoted by cinchona alkaloid[6] or amino-
indanol-derived[7] catalysts (Scheme 1 a), 2) inverse-electron-
demand Diels–Alder reactions of 5-acyl-a-pyrones and elec-
tron-rich alkenes (Scheme 1 b),[8] and 3) normal-electron-
demand Diels–Alder reactions of 2H-pyran-2,5-diones with
electron-deficient alkenes catalyzed by a cinchona-based
thiourea (Scheme 1c).[9]

Our interest in the Diels–Alder reaction of a-pyrones
arose from the observation that a-pyrone Diels–Alder
reactions with alkynes (or alkyne equivalents) are followed
by retro-Diels–Alder events that deliver phenyl rings.[10] The
enantioselective a-pyrone Diels–Alder reaction could, in
principle, be used in an intramolecular context for an
enantioselective cyclophane synthesis (Scheme 1d); however,
such a strategy has not been reported. We evaluated this
concept in an enantioselective synthesis of cavicularin.

Cavicularin (Scheme 2) is a cyclophane natural product
that was isolated from the liverwort Cavicularia densa.[11] The
natural product displays a strained molecular architecture;
crystallographic studies of cavicularin show that the A ring is
distorted in a boat-shaped configuration. As a result of the

rigidified molecular architecture, cavicularin displays confor-
mational chirality.

Cavicularin has captured the attention of synthetic
chemists, and the groups of Harrowven,[12] Baran,[13]

Fukuyama,[14] Suzuki,[15] and our own[16] have reported
syntheses of cavicularin. The synthesis by Suzuki and co-
workers featured an elegant use of a chiral sulfoxide auxiliary
for the synthesis of (�)-cavicularin. Herein, we report the first
synthesis of (+)-cavicularin using enantioselective catalysis.

Consideration of the enantioselective a-pyrone Diels–
Alder reactions depicted in Scheme 1 suggested that an
asymmetric Diels–Alder reaction of a hydroxy-a-pyrone
would serve in an enantioselective cavicularin synthesis.
Specifically, phenol 4 may be the product of an enantiose-
lective Diels–Alder cycloaddition of 5 (Scheme 2). It was
presumed that 5 may undergo enantioselective cycloaddition
in the presence of cinchona-based catalysts to give enan-
tioenriched 6. We anticipated that the regiochemical outcome
would be the result of interactions between the electrophilic
C5 position of the vinyl sulfone moiety and the presumed
nucleophilic C6 position of the a-pyrone motif.[16] Bicyclic
compound 6 may undergo elimination of phenylsulfinic acid
to produce 7. Unsaturated bicycles such as 7 undergo rapid
retro-Diels–Alder reactions to produce arenes such as 8.[10]

Key intermediate 5 could then be prepared from terphenyl 8.

Scheme 1. Enantioselective Diels–Alder reactions of a-pyrones.
BINOL= 1,1’-bi-2-naphthyl, Tf= trifluoromethanesulfonyl.
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Our first objective was to develop an efficient synthesis of
8. The terphenyl architecture of 8 suggested that Suzuki
reactions[17] would be well suited for its construction from
starting materials 9–11. One option for the assembly of
intermediate 8 would be to use distinct halogen atoms that
undergo chemoselective cross-couplings (e.g., 11, where X1 =

I and X2 = Br).[18]

A conceptually different strategy developed for hetero-
aromatic systems makes use of the different reactivity of non-
symmetry-related bromides (e.g., 11, where X1 = X2 =

Br).[18a,19] Handy and co-workers found that in polybromi-
nated heteroarenes, the more reactive bromide can be
predicted by the 1H NMR chemical shifts of the non-
halogenated congener.[20] However, there are no examples
of non-symmetric dibromoarenes participating in this type of
reaction. The predicted chemical shifts[21] for 3-vinylanisole
suggested that the bromide substituent at the C10’ position of
11 would be more reactive.

Gratifyingly, subjecting dibromide 11[22] to boronic ester
10[23] under Suzuki reaction conditions induced a regioselec-
tive cross-coupling forming 12 as a single regioisomer
(Scheme 3). A combination of 2D NMR techniques revealed
that although dibromide 11 reacted regioselectively, biphenyl
12 possessed the undesired connectivity.[24] Fortunately, when
boronic ester 11 was first coupled with 9, the reaction was
again completely selective and produced 13 in good yield.
Subjecting 13 to boronic ester 10 under the same Suzuki
reaction conditions gave the desired terphenyl 8 with the
correct regiochemistry.

The successful sequential Suzuki couplings suggested that
a one-pot Suzuki reaction[25] would be possible to construct 8
in one step. In the event, 11 was coupled with 9 using standard

Suzuki conditions. When dibromide 11 was consumed (as
observed by thin-layer chromatography (TLC)), boronic ester
10 was added, and the reaction proceeded to completion. This
three-component coupling gave terphenyl 8 in good yields,
and no regioisomers were isolated. To the best of our
knowledge, this is the first regioselective one-pot three-
component Suzuki reaction of a dibromoarene.

Terphenyl 8 underwent ring-closing metathesis and sub-
sequent phenanthrene hydrogenation to give 14.[26] The
synthetic route to 14 consisted of three steps and proceeded
in 52% overall yield from known building blocks.

With convenient access to 14, the material was advanced
to the Diels–Alder substrate (Scheme 4). A one-pot phos-
phorylation/Horner–Wadsworth–Emmons reaction was fol-
lowed by a deprotection, pyrone conjugate addition,[27]

elimination sequence delivering Diels–Alder substrate 5.
The regiochemical preference of 3,4-dioxygenated

a-pyrones in Diels–Alder reactions was previously unknown;
however, we anticipated that bond formation would occur
between the C5 and C6 carbon atoms of 5. Heating of 5
induced the Diels–Alder cycloaddition. Presumably, the
initial cycloaddition gave 16. Elimination of phenylsulfinic
acid led to 17, and retro-Diels–Alder reaction to liberate CO2

gave 18. No intermediates were observed in the reaction, and
the order of elimination events is inconsequential. Evidently,
the resonance contribution from the additional hydroxy
group of the pyrone in 5 resulted in the undesired regiochem-
ical preference in the initial cycloaddition, and the undesired
meta-substituted aryl ring was observed as the only product
(18).[28]

Cinchona-based catalysts did not reverse the regiochem-
ical outcome, and 18 was still formed (conditions e). How-
ever, in the presence of quinidine, the reaction occurred at
lower temperature (100 8C) than the background reaction

Scheme 2. Retrosynthetic analysis of (+)-cavicularin.

Scheme 3. Reagents and Conditions: a) [Pd(PPh3)4] , K3PO4, DMSO,
70 8C, 52%; b) [Pd(PPh3)4] , K3PO4, KBr, dioxane, H2O, 55 8C;
c) Grubbs II catalyst, CH2Cl2, 50 8C, 95 %; d) H2 (600 psi), Pd/C,
EtOAc, 60 8C, 87%. pin = pinacolato.
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(240 8C). Furthermore, a modest level of enantioselectivity
(e.r. = 58:42) was observed. Although this was not the desired
regioisomer, the ability of the cinchona alkaloid amine to
increase the rate of the reaction and deliver modest enantio-
selectivity suggested that an enantioselective Diels–Alder
cascade of an a-pyrone to form a cyclophane was possible.

The regiochemical outcome of the reaction of 5 revealed
that the C3 position was the nucleophilic position of the
pyrone. A convenient approach to recover the desired
connectivity was to change the substitution pattern of the
vinyl sulfone.

Isomeric Diels–Alder substrate 19 was therefore prepared
(Scheme 5). Three-component Suzuki coupling of 20, 11, and
10 gave terphenyl 21 in good yield as a single regioisomer.
Ring-closing metathesis and reduction gave dihydrophenan-

threne 22. Deprotection and addition to pyrone 15
led to the formation of 23. Oxidation, olefination,
and removal of the MOM ether[29] gave Diels–Alder
substrate 19.

Gratifyingly, heating of 19 in the presence of
cinchona-based catalysts resulted in the desired
cycloaddition, producing 4 as a single regioisomer
(Scheme 6). Presumably, the initial cycloaddition
gives intermediate 24, which undergoes elimination
of phenylsulfinic acid followed by elimination of CO2

in a retro-Diels–Alder process. The order of the
elimination events is inconsequential, and no inter-
mediates were observed.[28]

The phenolic functional group in 4 was sensitive
to chromatography, so the crude material from the
Diels–Alder reaction was directly treated with Tf2O
to give the corresponding triflate 25, which was
reduced and dealkylated to give cavicularin.

We surveyed cinchona-based catalysts that pro-
mote enantioselective reactions. In the presence of
cinchona alkaloid derivative 26, the reaction to give
25 was enantioselective (e.r. = 89:11). To the best of

our knowledge, this is the first example of an asymmetric
intramolecular Diels–Alder reaction with an a-pyrone.
Reduction and dealkylation of triflate (+)-25 gave (+)-cav-
icularin without erosion of enantiopurity.

In conclusion, the enantioselective synthesis of (+)-cav-
icularin has been reported. The synthesis features two novel
reactions: a regioselective one-pot three-component Suzuki
reaction of a dibromoarene to form a highly substituted
terphenyl, and the first intramolecular enantioselective
Diels–Alder reaction of an a-pyrone to construct the cyclo-
phane architecture of (+)-cavicularin. The twelve-step syn-
thesis proceeded in 7.3% overall yield from the known
building blocks 10, 11, and 20.

Scheme 4. Reagents and Conditions: a) (EtO)2P(O)Cl, LDA, THF, �78 8C, then
(CH2O)n, THF, 0 8C, 68%; b) BCl3, C6(Me)5H, CH2Cl2, �40 8C, 90 %; c) 15,
Cs2CO3, MeCN, 65 8C, then TFA, CH2Cl2, 0 8C, 56 %; d) BHT, o-DCB, 240 8C, 29%;
e) quinidine, EtOAc, 100 8C, 46%. BHT= tert-butylhydroxytoluene, LDA = lithium
diisopropylamide, MOM= methoxymethyl, o-DCB= ortho-dichlorobenzene,
TFA = trifluoroacetic acid.

Scheme 5. Reagents and Conditions: a) [Pd(PPh3)4] , K3PO4, KBr, diox-
ane, H2O, 55 8C; b) Grubbs II catalyst, CH2Cl2, 50 8C, 44 % (2 steps);
c) H2 (600 psi), Pd/C, EtOAc, 84%; d) BCl3, C6(Me)5H, CH2Cl2, �40 8C,
89%; e) 15, Cs2CO3, MeCN, 65 8C, 72%; f) (COCl)2, DMSO, Et3N,
CH2Cl2, �78 8C, 87 %; g) PhSO2CH2P(O)(OEt)2, LiHMDS, THF, �78 8C,
99%; h) TFA, CH2Cl2, 0 8C, 100%. LiHMDS = lithium hexamethyldisila-
zide, TBS = tert-butyldimethylsilyl.

Scheme 6. Reagents and Conditions: a) 26, EtOAc, 3 � molecular
sieves, 45 8C; b) Tf2O, CH2Cl2, 0 8C, 45% (2 steps); c) NH4CO2H, Pd/C,
MeOH, 70 8C, quant.; d) BBr3, CH2Cl2, 80%.

Angewandte
Chemie

3Angew. Chem. Int. Ed. 2014, 53, 1 – 5 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://www.angewandte.org


Received: June 26, 2014
Published online: && &&, &&&&

.Keywords: asymmetric synthesis · catalysis · chirality ·
cross-coupling · Diels–Alder reaction

[1] O. Diels, K. Alder, Justus Liebigs Ann. Chem. 1928, 460, 98 – 122.
[2] For a review, see: E. J. Corey, Angew. Chem. Int. Ed. 2002, 41,

1650 – 1667; Angew. Chem. 2002, 114, 1724 – 1741.
[3] For examples, see: a) R. M. Wilson, W. S. Jen, D. W. C. MacMil-

lan, J. Am. Chem. Soc. 2005, 127, 11616 – 11617; b) D. A. Evans,
J. S. Johnson, J. Org. Chem. 1997, 62, 786 – 787; c) A. A. Boezio,
E. R. Jarvo, B. M. Lawrence, E. N. Jacobsen, Angew. Chem. Int.
Ed. 2005, 44, 6046 – 6050; Angew. Chem. 2005, 117, 6200 – 6204;
d) E. J. Corey, A. Guzman-Perez, T.-P. Loh, J. Am. Chem. Soc.
1994, 116, 3611 – 3612.

[4] K. Afarinkia, V. Vinader, T. D. Nelson, G. H. Posner, Tetrahe-
dron 1992, 48, 9111 – 9171.

[5] For examples of a-pyrone Diels–Alder reactions in synthesis,
see: a) K. C. Nicolaou, J. J. Liu, C.-K. Hwang, W.-M. Dai, R. K.
Guy, J. Chem. Soc. Chem. Commun. 1992, 1117 – 1118; b) G. H.
Posner, D. G. Wettlaufer, J. Am. Chem. Soc. 1986, 108, 7373 –
7377; c) H. Shimizu, H. Okamura, T. Iwagawa, M. Nakatani,
Tetrahedron 2001, 57, 1903 – 1908; d) P. S. Baran, N. Z. Burns, J.
Am. Chem. Soc. 2006, 128, 3908 – 3909.

[6] a) H. Okamura, Y. Nakamura, T. Iwagawa, M. Nakatani, Chem.
Lett. 1996, 193 – 194; b) Y. Wang, H. Li, Y.-Q. Wang, Y. Liu,
B. M. Foxman, L. Deng, J. Am. Chem. Soc. 2007, 129, 6364 –
6365; c) R. P. Singh, K. Bartelson, Y. Wang, H. Su, X. Lu, L.
Deng, J. Am. Chem. Soc. 2008, 130, 2422 – 2423.

[7] J. Y.-T. Soh, C.-H. Tan, J. Am. Chem. Soc. 2009, 131, 6904 – 6905.
[8] a) G. H. Posner, H. Y. Dai, D. S. Bull, J. K. Lee, F. Eydoux, Y.

Ishihara, W. Welsh, N. Pryor, S. Petr, J. Org. Chem. 1996, 61,
671 – 676; b) G. H. Posner, F. Eydoux, J. K. Lee, D. S. Bull,
Tetrahedron Lett. 1994, 35, 7541 – 7544; c) I. E. Mark�, I. Chell�-
Regnaut, B. Leroy, S. L. Warriner, Tetrahedron Lett. 1997, 38,
4269 – 4272; d) I. E. Mark�, G. R. Evans, P. Seres, I. Chell�, Z.
Janousek, Pure Appl. Chem. 1996, 68, 113 – 122.

[9] W. Wu, L. Min, L. Zhu, C.-S. Lee, Adv. Synth. Catal. 2011, 353,
1135 – 1145.

[10] B. Rickborn, Org. React. 1998, 52, 1 – 393.
[11] M. Toyota, T. Yoshida, Y. Kan, S. Takaoka, Y. Asakawa,

Tetrahedron Lett. 1996, 37, 4745 – 4748.
[12] a) D. C. Harrowven, T. Woodcock, P. D. Howes, Angew. Chem.

Int. Ed. 2005, 44, 3899 – 3901; Angew. Chem. 2005, 117, 3967 –

3969; b) S. L. Kostiuk, T. Woodcock, L. F. Dudin, P. D. Howes,
D. C. Harrowven, Chem. Eur. J. 2011, 17, 10906 – 10915.

[13] “Organometallic Reactions: Development, Mechanistic Studies
and Synthetic Applications”: J. H. Dam, Ph.D. Dissertation,
Technical University of Denmark, Kongens Lyngby, Denmark,
2009.

[14] K. Harada, K. Makino, N. Shima, H. Okuyama, T. Esumi, M.
Kubo, Y. Asakawa, Y. Fukuyama, Tetrahedron 2013, 69, 6959 –
6968.

[15] H. Takiguchi, K. Ohmori, K. Suzuki, Angew. Chem. Int. Ed.
2013, 52, 10472 – 10476; Angew. Chem. 2013, 125, 10666 – 10670.

[16] P. Zhao, C. M. Beaudry, Org. Lett. 2013, 15, 402 – 405.
[17] N. Miyaura, A. Suzuki, J. Chem. Soc. Chem. Commun. 1979,

866 – 867.
[18] a) S. Schrçter, C. Stock, T. Bach, Tetrahedron 2005, 61, 2245 –

2267; b) N. K. Garg, R. Sarpong, B. M. Stoltz, J. Am. Chem. Soc.
2002, 124, 13179 – 13184.

[19] S. T. Handy, J. J. Sabatini, Org. Lett. 2006, 8, 1537 – 1539.
[20] S. T. Handy, Y. Zhang, Chem. Commun. 2006, 299 – 301.
[21] E. Pretsch, P. B�hlmann, M. Badertscher, Structure Determina-

tion of Organic Compounds: Tables of Spectral Data, Springer,
Berlin, 2009, pp. 178 – 183.

[22] Prepared from the corresponding known aldehyde (see the
Supporting Information).

[23] Boronic esters 9, 10, and 20 were known from our racemic
cavicularin synthesis; see Ref. [16].

[24] The reason for the observed selectivity is unclear; however, it
appears that the bromide substituent at the C10’ position is
deactivated by the presence of the vinyl group. Control experi-
ments indicated that the saturated congener of 11 does not react
with regioselectivity in Suzuki couplings.

[25] F. Beaumard, P. Dauban, R. H. Dodd, Org. Lett. 2009, 11, 1801 –
1804.

[26] S. B. Jones, L. He, S. L. Castle, Org. Lett. 2006, 8, 3757 – 3760.
[27] H. Sauter, V. Kvita, Helv. Chim. Acta 1990, 73, 883 – 889.
[28] Diels–Alder products 18 and 25 were isolated as single species.

To the best of our knowledge, there is no restricted rotation of
the A ring, which would lead to atrop-diastereomers. Therefore,
issues of endo versus exo diastereoselectivity do not apply to this
Diels–Alder reaction.

[29] TFA deprotection of the MOM ether proceeded with quantita-
tive conversion, but 19 was a delicate intermediate prone to
decomposition and was thus advanced to 25 without purification,
as indicated in Scheme 6. The overall yield for the three steps is
45%. See the Supporting Information for details.

.Angewandte
Communications

4 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 1 – 5
� �

These are not the final page numbers!

http://dx.doi.org/10.1002/jlac.19284600106
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1650::AID-ANIE1650%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1650::AID-ANIE1650%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1724::AID-ANGE1724%3E3.0.CO;2-Q
http://dx.doi.org/10.1021/ja054008q
http://dx.doi.org/10.1021/jo962187b
http://dx.doi.org/10.1002/anie.200502178
http://dx.doi.org/10.1002/anie.200502178
http://dx.doi.org/10.1002/ange.200502178
http://dx.doi.org/10.1021/ja00087a062
http://dx.doi.org/10.1021/ja00087a062
http://dx.doi.org/10.1016/S0040-4020(01)85607-6
http://dx.doi.org/10.1016/S0040-4020(01)85607-6
http://dx.doi.org/10.1039/c39920001117
http://dx.doi.org/10.1021/ja00283a036
http://dx.doi.org/10.1021/ja00283a036
http://dx.doi.org/10.1016/S0040-4020(01)00032-1
http://dx.doi.org/10.1021/ja0602997
http://dx.doi.org/10.1021/ja0602997
http://dx.doi.org/10.1246/cl.1996.193
http://dx.doi.org/10.1246/cl.1996.193
http://dx.doi.org/10.1021/ja070859h
http://dx.doi.org/10.1021/ja070859h
http://dx.doi.org/10.1021/ja078251w
http://dx.doi.org/10.1021/ja900582a
http://dx.doi.org/10.1021/jo9515900
http://dx.doi.org/10.1021/jo9515900
http://dx.doi.org/10.1016/S0040-4039(00)78338-9
http://dx.doi.org/10.1016/S0040-4039(97)00876-9
http://dx.doi.org/10.1016/S0040-4039(97)00876-9
http://dx.doi.org/10.1002/adsc.201000927
http://dx.doi.org/10.1002/adsc.201000927
http://dx.doi.org/10.1016/0040-4039(96)00956-2
http://dx.doi.org/10.1002/anie.200500466
http://dx.doi.org/10.1002/anie.200500466
http://dx.doi.org/10.1002/ange.200500466
http://dx.doi.org/10.1002/ange.200500466
http://dx.doi.org/10.1002/chem.201101550
http://dx.doi.org/10.1016/j.tet.2013.06.064
http://dx.doi.org/10.1016/j.tet.2013.06.064
http://dx.doi.org/10.1002/anie.201304929
http://dx.doi.org/10.1002/anie.201304929
http://dx.doi.org/10.1002/ange.201304929
http://dx.doi.org/10.1021/ol303390a
http://dx.doi.org/10.1039/c39790000866
http://dx.doi.org/10.1039/c39790000866
http://dx.doi.org/10.1016/j.tet.2004.11.074
http://dx.doi.org/10.1016/j.tet.2004.11.074
http://dx.doi.org/10.1021/ja027822b
http://dx.doi.org/10.1021/ja027822b
http://dx.doi.org/10.1021/ol0530981
http://dx.doi.org/10.1039/b512948f
http://dx.doi.org/10.1021/ol900358n
http://dx.doi.org/10.1021/ol900358n
http://dx.doi.org/10.1021/ol0613564
http://www.angewandte.org


Communications

Asymmetric Synthesis

P. Zhao, C. M. Beaudry* &&&&—&&&&

Enantioselective and Regioselective
Pyrone Diels–Alder Reactions of Vinyl
Sulfones: Total Synthesis of
(+)-Cavicularin

The total synthesis of (+)-cavicularin
features an enantio- and regioselective
Diels–Alder reaction of a pyrone with
a vinyl sulfone. The substrate for this

transformation is prepared by a regiose-
lective one-pot three-component Suzuki
reaction of a non-symmetric dibromo-
arene.
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