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Pyrone Diels–Alder Routes to Indolines and Hydroindolines:
Syntheses of Gracilamine, Mesembrine, and D7-Mesembrenone
Pei Gan, Myles W. Smith, Nathaniel R. Braffman, and Scott A. Snyder*

Abstract: Although the Diels–Alder reaction has long been
utilized for the preparation of numerous heterocycles, oppor-
tunities to extend its power remain. Herein, we detail a simple,
modular, and robust approach that combines various amines
regioselectively with 4,6-dichloropyrone to create substrates
which, under appropriate conditions, can directly deliver
varied indolines and hydroindolines through [4++2] cyclo-
additions with substitution patterns difficult to access other-
wise. As an initial demonstration of the power of the strategy,
several different natural products have been obtained either
formally or by direct total synthesis, with efforts toward one of
these—the complex amaryllidaceae alkaloid gracilamine—
affording the shortest route to date in terms of linear step count.

Indolines, oxindoles, and other variants of differential
oxidation state are found in a plethora of pharmaceutical
agents and natural products, a small selection of which is
shown in the top part of Scheme 1.[1] Such ubiquity has
induced the development of myriad synthetic approaches for
such domains, as evidenced in part by the more than 50 total
syntheses of mesembrine (3)[2] and crinine (4)[3] achieved to
date, two recent elegant total syntheses of gracilamine (5),[4]

and creative solutions leading to ircinal A (6) and the
manzamine alkaloids.[5] As an outgrowth of programs seeking
to prepare entire natural product families from common
intermediates,[6] we wondered if the range of oxidation states
and functional patterning of the materials in Scheme 1 could
arise through a single, cohesive strategy starting from a key
building block. That compound is 4,6-dichloropyrone (7),
readily prepared on a multigram scale in three steps with one
chromatographic purification.[7] If its 6-chloro substituent
could be chemoselectively displaced by an amine with
a pendant alkyne to generate 8 following N-protection
(Scheme 1), then a subsequent intramolecular pyrone Diels–
Alder reaction[8, 9] followed by in situ retro-[4++2] loss of CO2

could directly afford indolines with 4,6-substitution.[10] Alter-

natively, if an amine with an alkene and a group at position X
(and/or Y) was used instead, then a similar sequence would
afford 12, a molecule whose vinyl chloride could potentially
be hydrolyzed upon work-up to generate vinylogous amide 13
in a single pot. In both cases, these key steps appear to
constitute unique reactions. Indeed, although extremely
limited precedent for selective tertiary amine addition to 7
was provided during studies on its metal-based C¢C cross-

Scheme 1. A proposal for modular and concise access to indolines and
their derivatives through pyrone Diels–Alder reactions starting from
4,6-dichloropyrone (7).
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coupling reactions,[10a,b] direct nucleophilic displacement by
an amine of the type required for 8 or 11 is unknown.
Similarly, only one case employing an amide-tethered alkyne
in an intramolecular pyrone Diels–Alder reaction has been
reported,[10c] and that example involved a constrained, poly-
cylic framework that could not afford the more versatile
bicyclic products targeted here, compounds with patterning
not readily prepared through other Diels–Alder pro-
cesses.[11a,c] Herein, we demonstrate that both of the pathways
outlined in Scheme 1 are viable, and afford building blocks
that are not commercially available or are expensive. In
addition, they have led to a range of hydroindoline structures,
including formal syntheses of both mesembrine (3) and
gracilamine (5), with the latter sequence being the shortest to
date in terms of step count.

Our efforts began by probing substrates of type 8, readily
prepared from 4,6-dichloropyrone (7) by adding a primary
amine and stirring them with iPr2NEt from ¢78 to 0 88C,
followed by protection of the nitrogen atom with an acetyl
group (see the Supporting Information for details).[12] Sub-
sequent dissolution of the mixture in toluene and microwave
irradiation at 140 88C for 5 h smoothly effected conversion of
the five substrates shown in Table 1 into the expected
indolines, typically in excellent yields for the Diels–Alder
step and irrespective of the group attached to the terminal
end of the alkyne; thermal conditions also worked, albeit with
longer reaction times.[13] Of note, replacement of the remain-
ing 4-chloro motif within the starting pyrone can be achieved
prior to cycloaddition, with phenylsulfide used for purposes of
illustration (entry 5).

In addition, with the exception of product 16, none of
these materials or their deprotected counterparts are known
molecular entities based on standard search engines; 16 in its
deprotected form (as a free indoline or HCl salt) is
commercially available from several suppliers.[14] This finding
highlights, in general terms, that 4,6-substituted indoline
building blocks are relatively scarce, particularly in compar-
ison to their 5,7-substituted counterparts. As such, we believe
that this approach is complementary to other methods for
indoline/indole synthesis, including those based on Diels–
Alder reactions and C¢H functionalization.[11] It also affords
an overall ease of variability using simple starting materials.

From the standpoint of generating complexity, however,
the process of converting 7 into 13 (see Scheme 1) using
tethered alkene dienophiles is arguably of greater value. Its
success would generate hydroindoline structures bearing
a quaternary center at a ring junction, a possible second
chiral center, and a vinylogous amide in a single reaction. Not
only is the connection of these final products to a Diels–Alder
process more challenging to discern, but if there was broad
ability to vary groups X and Y along with additional ring sizes
through their linking tether, then products of direct relevance
to the amaryllidaceae, sceletium, and manzamine families of
alkaloids (such as 3–6) should be accessible in short order. We
began by utilizing substrates of general type 25 (Scheme 2),
materials bearing a disubstituted alkene and group X being an
aromatic ring.

Pleasingly, four initial examples, in which both the
carbamate protecting group and aryl ring were varied (to

match those of natural products 3 and 4), were readily
converted into 27–30 using similar microwave conditions.
Treatment of the intermediate Diels–Alder products with
silica gel in CHCl3 in the same pot (open to air) effected mild
hydrolysis of the vinyl chloride. We ascribe the lower yield
observed for the formation of compound 29 (59 %) to the
thermal lability of its Boc protecting group during the Diels–
Alder step.[15] Importantly, compound 30 (X-ray structure of
acetate derivative obtained) could be converted into D7-
mesembrenone (31)[16] through a two-step sequence, thereby
completing an eight-step preparation of a minor constituent
of Sceletium namaquense[17] and a known synthetic precursor
for mesembrine (3).[2b,c] Furthermore, although 27–30 were
produced racemically,[18] access to enantiopure materials
could be achieved in a preliminary study by adding a chiral
auxiliary onto the nitrogen tether. As shown at the bottom of
Scheme 2, these efforts afforded a 1:1 separable mixture of 33

Table 1: Initial exploration of the scope of indoline synthesis using
tethered alkynes.[a]

[a] General conditions: substrate dissolved in toluene and solution
degassed with bubbling argon for 5 min. The reaction mixture was then
heated under microwave irradiation at 140 88C for 5 h, cooled, concen-
trated, and purified. [b] Yield of Diels–Alder step only. TMS = trimethyl-
silyl.
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and 34 in 75% yield, with the implanted chirality proving too
remote to control stereoinduction.

In an effort to evaluate the substrate scope of this variant
of the design more fully, a range of alkene dienophiles with
different substitution patterns and electronic properties were
probed (Table 2). Pleasingly, highly electron-deficient aryl
rings, heteroaromatic motifs, and even simple alkanes were
tolerated as substituents within the core Diels–Alder/retro-
[4++2]/hydrolysis sequence (entries 1–6), thereby leading to
products in good to excellent yield despite the number of
processes achieved in a single pot. Of particular importance,
a cyclic alkene (47) could be converted into a polycyclic
product (entry 7). This example, in particular, suggested to us
that targets such as gracilamine (5) and ircinal A (6, see
Scheme 1) could likely be accessed through the method.

We selected 5 for an initial proof-of-principle study. This
material, isolated in Turkey from Galanthus gracilus,[19] was
recently synthesized in racemic form by the Ma research
group through an inventive biomimetic [3++2] approach in
17 steps,[4a] and by the Gao research group through a creative
photo-Nazarov reaction, Michael addition, and intramolecu-
lar Mannich sequence in 19 steps.[4b] In particular, we noted
within these studies that Gao and co-workers had utilized

Scheme 2. Demonstration of the pyrone Diels–Alder approach through
a total synthesis of D7-mesembrenone (31), formal total synthesis of
mesembrine (3), and a means to access enantiopure materials through
a chiral auxiliary: a) toluene (0.02m), 160 88C using microwave irradi-
ation, 10 h, then CHCl3, silica gel, 23 88C, 15 h; b) 10 % Pd/C
(2.0 equiv), EtOAc, H2 (1 atm), 23 88C, 3 h, quantitative; c) NaH
(2.2 equiv), MeI (1.5 equiv), 23 88C, 45 min, 75% over two steps.
Boc = tert-butoxycarbonyl, Cbz= carbobenzyloxy, CA* = chiral auxiliary;
(1S)-(¢)-camphanoyl.

Table 2: Further exploration of the scope of indoline synthesis using
tethered alkenes with varied substitution patterning.[a]

[a] General conditions: substrate dissolved in toluene and solution
degassed with bubbling argon for 5 min. The reaction mixture was then
heated under microwave irradiation at 160 88C for 10 h, cooled, diluted
with CHCl3, treated with silica gel, and stirred at 23 88C for 15 h.
[b] Performed in toluene with microwave irradiation at 170 88C for 10 h.
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diketone 58 (prepared in 15 steps) as one of their intermedi-
ates. We hoped to forge the same compound in a more
expeditious manner using our pyrone Diels–Alder reaction to
thus achieve a formal total synthesis of the target. As shown in
Scheme 3, following an efficient preparation of 49, we
believed that subsequent use of our cascade strategy could
afford 50, which would need two subsequent changes in
oxidation state and an installation of the required N-methyl
group to complete the target diketone. As matters transpired,
this hypothesis proved true, although the final tailoring of the
structure required specific ordering of events and careful
control of reaction conditions.

Following a six-step synthesis of 49 (see the Supporting
Information),[20] the use of our cascade reaction conditions,
albeit at 170 88C for 10 h, afforded polycycle 50 in 83 % yield.
Its connectivities were confirmed by X-ray analysis of
a related compound. The reaction itself proved robust,

proceeding smoothly on gram scale. From here, our next
goal was to reduce the olefinic portion of the vinylogous
amide. Unfortunately, as observed by others,[21] this operation
proved challenging, with several conditions such as catalytic
hydrogenation failing to deliver anything other than recov-
ered starting material.[22] Radical reduction conditions such as
[Mn(dpm)3] (dpm = dipivaloylmethane), PhSiH3, and tert-
butyl hydroperoxide (TBHP) in iPrOH,[23] by contrast, did
afford the reduced product in low conversion (ca. 5%), but
resulted in the incorrect configuration at the ring junction in
the form of 51, presumably because of the steric bulk of the
adjacent aromatic ring. Pleasingly, however, use of conditions
deployed by Rigby et al. on a related system,[21a] and originally
pioneered by Molander and McKie,[24] provided a solution.

In that key event, vinylogous amide 50 was treated with
6 equiv of SmI2, activated with 24 equiv of HMPA, and stirred
in THF at 23 88C for 5 h; those conditions delivered 53 as
a single, unassigned diastereomer about the starred carbon
atom with the correct ring junction configuration. In this
process we believe that 51 is initially formed, with subsequent
elimination and reattack of the amine onto the resultant
Michael system of 52 affording the needed cis-fusion in the
hydroindoline core;[25] over the time course of the reaction,
the resultant ketone is then reduced to afford 53, a material
which, for purposes of full characterization, was oxidized with
pyridinium dichromate (PDC) to afford 54 in 39 % yield. In
support of this proposal, a short reaction time of only 15 min
affords isolable quantities of 51. By contrast, the use of
additional equivalents of SmI2 or adding Sm metal to the
original mixture afforded 55 after subjecting the crude
reaction products to a Salmond oxidation (CrO3, 3,5-dime-
thylpyrazole).[26] This outcome suggests that the a,b-unsatu-
rated system of putative intermediate 52 had been reduced
prior to reclosure of the ring. The identity of 55 was confirmed
by its conversion, in two further steps, into 56,[27] a side
product Gao and co-workers had also prepared and whose
1H NMR data[4b] were in full agreement with our synthetic
material.

Nevertheless, from 53 the target molecule was readily
completed by use of a Salmond oxidation[26] to effect
oxidation of both the alcohol and the lone benzylic position
to deliver 57 (20 % overall from 50),[28] and a one-pot Teoc
cleavage/methylation[29] to afford 58 (in 85% yield from 57).
In total, only 10 steps were required to prepare 58 from
commercial materials, thereby affording a formal total syn-
thesis of (�)-gracilamine (5) in 14 steps overall.

In summary, a modular and procedurally simple sequence
from 4,6-dichloropyrone (7) and a range of readily prepared
amines has afforded diverse indoline and hydroindoline
frameworks. These materials are of pertinence to pharma-
ceuticals as well as natural products, with three total or formal
syntheses—including the shortest route to gracilamine in
terms of step count—being achieved as a result. Although the
core reactions rely upon the venerable Diels–Alder reac-
tion,[30] the particular variant deployed here has not, to the
best of our knowledge, been explored in any depth. Numerous
opportunities for the construction of novel heterocycles and
asymmetric variants are apparent, and are the subject of
current investigations.

Scheme 3. Concise, formal total synthesis of gracilamine (5) through
a 10-step synthesis of ketone 58 : a) toluene, 17088C under microwave
irradiation, 12 h, then silica gel, CHCl3, 23 88C, 5 h, 83%; b) SmI2 (0.1m
in THF, 6.0 equiv), HMPA (24 equiv), tBuOH (2.0 equiv), THF, 23 88C,
5 h; c) Sm metal (6.0 equiv), SmI2 (0.1m in THF, 6.0 equiv), HMPA
(24 equiv), tBuOH (2.0 equiv), THF, 23 88C, 10 h; d) CrO3 (20 equiv),
3,5-DMP (20 equiv), CH2Cl2, ¢40 to 23 88C, 4 h, 15 % over two steps;
e) TBAF (20.0 equiv), THF, 0 88C, 1 h; f) K2CO3 (20 equiv), MeI
(6.4 equiv), MeCN, 40 88C, 3 h, 54% over two steps; g) CrO3 (20 equiv),
3,5-DMP (20 equiv), CH2Cl2, ¢40 to 23 88C, 4 h, 20 % over two steps;
similar oxidation from 54 proceeded in 51% yield; h) TFA/CH2Cl2
(1:1), 23 88C, 10 min, then K2CO3 (100 equiv), MeI (20 equiv), MeCN,
23 88C, 3 h, 85%. HMPA= hexamethylphosphoramide, DMP =dimethyl-
pyrazole, TBAF = tetra-n-butylammonium fluoride, Teoc =2-(trimethyl-
silyl)ethoxycarbonyl, TFA = trifluoroacetic acid.

Angewandte
ChemieCommunications

3628 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 3625 –3630

http://www.angewandte.org


Acknowledgements

We thank the NSF (CHE-0619638) for an X-ray diffractom-
eter and Prof. Gerard Parkin and Dr. Ava Kreider-Mueller
(Columbia) for obtaining an X-ray crystal structure of
a derivative of 30, and Dr. HaJeung Park (Scripps) for
obtaining an X-ray crystal structure of a derivative of 50. We
also thank Richard Welter (TSRI, NSF-REU Fellow) for the
synthesis of some early intermediates. Financial support came
from Columbia University, Bristol-Myers Squibb, Eli Lilly,
Amgen, The Scripps Research Institute, the University of
Chicago, and the Soci¦t¦ de Chemie Industrielle Fellowship
(to N.R.B.).

Keywords: alkaloids · cascade reaction · Diels–Alder reaction ·
natural products · total synthesis

How to cite: Angew. Chem. Int. Ed. 2016, 55, 3625–3630
Angew. Chem. 2016, 128, 3689–3694

[1] For a recent review on these heterocycles and the pharmaceut-
icals shown in Scheme 1, see a) D. Liu, G. Zhao, L. Xiang, Eur. J.
Org. Chem. 2010, 3975; b) A. Rakhit, M. E. Hurley, V. Tipnis, J.
Coleman, A. Rommel, H. R. Brunner, J. Clin. Pharmacol. 1986,
26, 156; c) H. Matsuoka, N. Kato, K. Tsuji, N. Maruyama, H.
Suzuki, M. Mihara, Y. Takeda, K. Yano, Chem. Pharm. Bull.
1997, 45, 1146; d) W. G. Kim, J. P. Kim, H. Koshino, K. Shin-Ya,
H. Seto, I. D. Yoo, Tetrahedron 1997, 53, 4309; e) T. F. Seeger,
P. A. Seymour, A. W. Schmidt, S. H. Zorn, D. W. Schulz, L. A.
Lebel, S. McLean, V. Guanowsky, H. R. Howard, J. A. Lowe III,
J. Heym, J. Pharmacol. Exp. Ther. 1995, 275, 101; f) S. M.
Bromidge, S. Dabbs, D. T. Davies, D. M. Duckworth, I. T.
Forbes, P. Ham, G. E. Jones, F. D. King, K. R. Mulholland,
D. V. Saunders, P. A. Wyman, F. E. Blaney, S. E. Clarke, T. P.
Blackburn, V. Holland, G. A. Kennett, S. Lightowler, D. N.
Middlemiss, B. Trail, G. J. Riley, M. D. Wood, J. Med. Chem.
1998, 41, 1598.

[2] The inaugural synthesis of mesembrine featured a Diels–Alder
reaction to forge its domains: a) M. Shamma, H. Rodriguez,
Tetrahedron Lett. 1965, 6, 4847; for selected examples of other
total syntheses, see b) S. Takano, Y. Imamura, K. Ogasawara,
Chem. Lett. 1981, 1385; c) S. Takano, Y. Imamura, K. Ogasa-
wara, Tetrahedron Lett. 1981, 22, 4479; d) A. I. Meyers, R.
Hanreich, K. T. Wanner, J. Am. Chem. Soc. 1985, 107, 7776;
e) H. Nemoto, T. Tanabe, K. Fukumoto, J. Org. Chem. 1995, 60,
6785; f) S. E. Denmark, L. R. Marcin, J. Org. Chem. 1997, 62,
1675; g) J. H. Rigby, W. Dong, Org. Lett. 2000, 2, 1673; h) D. F.
Taber, Y. He, J. Org. Chem. 2005, 70, 7711; i) T. Paul, W. P.
Malachowski, J. Lee, Org. Lett. 2006, 8, 4007; j) Y. Zhao, Y.
Zhou, L. Liang, X. Yang, F. Du, L. Li, H. Zhang, Org. Lett. 2009,
11, 555.

[3] For selected syntheses of crinine, see a) H. Muxfeldt, R. S.
Schneider, J. B. Mooberry, J. Am. Chem. Soc. 1966, 88, 3670;
b) H. W. Whitlock, G. L. Smith, J. Am. Chem. Soc. 1967, 89,
3600; c) L. E. Overman, E. J. Jacobsen, Tetrahedron Lett. 1982,
23, 2741; d) L. E. Overman, S. Sugai, Helv. Chim. Acta 1985, 68,
745; e) S. F. Martin, C. L. Campbell, Tetrahedron Lett. 1987, 28,
503; f) S. F. Martin, C. L. Campbell, J. Org. Chem. 1988, 53, 3184;
g) W. H. Pearson, F. E. Lovering, Tetrahedron Lett. 1994, 35,
9173; h) W. H. Pearson, F. E. Lovering, J. Org. Chem. 1998, 63,
3607; i) N. T. Tam, J. Chang, E. Jung, C. Cho, J. Org. Chem. 2008,
73, 6258; j) J. D. Liu, S. H. Wang, F. M. Zhang, Y. Q. Tu, Y. Q.
Zhang, Synlett 2009, 3040; k) C. Guillou, C. Bru, Tetrahedron
2006, 62, 9043; l) G. Pandey, N. R. Gupta, S. R. Gadre, Eur. J.

Org. Chem. 2011, 740; m) D. A. Candito, D. Dobrovolsky, M.
Lautens, J. Am. Chem. Soc. 2012, 134, 15572.

[4] a) S. Tian, W. Zi, D. Ma, Angew. Chem. Int. Ed. 2012, 51, 10141;
Angew. Chem. 2012, 124, 10288; b) Y. Shi, B. Yang, S. Cai, S.
Gao, Angew. Chem. Int. Ed. 2014, 53, 9539; Angew. Chem. 2014,
126, 9693.

[5] For syntheses of the manzamines and related targets, see a) J. D.
Winkler, J. M. Axten, J. Am. Chem. Soc. 1998, 120, 6425; b) S. F.
Martin, J. M. Humphrey, J. M. Ali, M. C. Hillier, J. Am. Chem.
Soc. 1999, 121, 866; c) J. M. Humphrey, Y. Liao, A. Ali, T. Rein,
Y. L. Wong, H. J. Chen, A. K. Courtney, S. F. Martin, J. Am.
Chem. Soc. 2002, 124, 8584; d) I. S. Young, M. A. Kerr, J. Am.
Chem. Soc. 2007, 129, 1465; e) T. Toma, Y. Kita, T. Fukuyama, J.
Am. Chem. Soc. 2010, 132, 10233; f) P. Jakubec, A. Hawkins, W.
Felzmann, D. J. Dixon, J. Am. Chem. Soc. 2012, 134, 17482; g) S.
Bonazzi, B. Cheng, J. S. Wzorek, D. A. Evans, J. Am. Chem. Soc.
2013, 135, 9338.

[6] a) S. A. Snyder, S. P. Breazzano, A. G. Ross, Y. Lin, A. L.
Zografos, J. Am. Chem. Soc. 2009, 131, 1753; b) S. A. Snyder, A.
Gollner, M. I. Chiriac, Nature 2011, 474, 461; c) T. C. Sherwood,
A. H. Trotta, S. A. Snyder, J. Am. Chem. Soc. 2014, 136, 9743.

[7] K. Afarinkia, M. J. Bearpark, A. Ndibwami, J. Org. Chem. 2003,
68, 7158.

[8] For a review on pyrone Diels – Alder reactions, see K. Afarinkia,
V. Vinader, T. D. Nelson, G. H. Posner, Tetrahedron 1992, 48,
9111.

[9] For recent total syntheses featuring pyrone Diels–Alder reac-
tions, see a) P. S. Baran, N. Z. Burns, J. Am. Chem. Soc. 2006,
128, 3908; b) H. M. Nelson, B. M. Stoltz, Org. Lett. 2008, 10, 25;
c) H. M. Nelson, K. Murakami, S. C. Virgil, B. M. Stoltz, Angew.
Chem. Int. Ed. 2011, 50, 3688; Angew. Chem. 2011, 123, 3772;
d) H. M. Nelson, J. R. Gordon, S. C. Virgil, B. M. Stoltz, Angew.
Chem. Int. Ed. 2013, 52, 6699; Angew. Chem. 2013, 125, 6831;
e) M. W. Smith, S. A. Snyder, J. Am. Chem. Soc. 2013, 135,
12964; f) Y. M. Zhao, T. J. Maimone, Angew. Chem. Int. Ed.
2015, 54, 1223; Angew. Chem. 2015, 127, 1239.

[10] 4,6-Dichloropyrone is relatively unexplored in Diels–Alder
reactions, with precedent for its functionalization including the
following and references therein: a) I. J. Fairlamb, C. T. OÏBrien,
Z. Lin, K. C. Lam, Org. Biomol. Chem. 2006, 4, 1213; b) M. J.
Burns, R. J. Thatcher, R. J. Taylor, I. J. Fairlamb, Dalton Trans.
2010, 39, 10391; for the only known case of an amide-tethered
alkyne participating in a pyrone Diels – Alder reaction, see c) D.
P¦rez, G. Bur¦s, E. Guiti�n, L. Castedo, J. Org. Chem. 1996, 61,
1650; the use of 3,5-dibromopyrone for Diels – Alder reactions is
much more common: d) see Ref. [3i]; e) H. Kim, C. Cho, Prog.
Heterocycl. Chem. 2007, 18, 1; f) C. Cho, Y. Kim, Y. Lim, J. Park,
H. Lee, S. Koo, J. Org. Chem. 2002, 67, 290.

[11] For representative cases, see a) D. L. Boger, R. S. Coleman, J.
Org. Chem. 1984, 49, 2240; b) K. C. Nicolaou, A. J. Roecker,
J. A. Pfefferkorn, G. Q. Cao, J. Am. Chem. Soc. 2000, 122, 2966;
c) A. Padwa, M. A. Brodney, M. Dimitroff, B. Liu, T. Wu, J. Org.
Chem. 2001, 66, 3119; d) J. Li, T. Mei, J. Yu, Angew. Chem. Int.
Ed. 2008, 47, 6452; Angew. Chem. 2008, 120, 6552; e) T. Mei, X.
Wang, J. Yu, J. Am. Chem. Soc. 2009, 131, 10806; f) T. S. Mei, D.
Leow, H. Xiao, B. N. Laforteza, J. Q. Yu, Org. Lett. 2013, 15,
3058.

[12] Substrates 17 and 21 were prepared by an alternative route, as
detailed in the Supporting Information, where the alkyne was
functionalized after chlorine displacement.

[13] Although not explicitly shown here, the use of non-electron-
withdrawing groups on the nitrogen atom, such as a methyl or
benzyl group, afforded no conversion, while use of the free
amine afforded only decomposition.

[14] At present, small quantities at fairly high prices are available.
[15] V. H. Rawal, M. P. Cava, Tetrahedron Lett. 1985, 26, 6141.

Angewandte
ChemieCommunications

3629Angew. Chem. Int. Ed. 2016, 55, 3625 –3630 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/ejoc.201000323
http://dx.doi.org/10.1002/ejoc.201000323
http://dx.doi.org/10.1002/j.1552-4604.1986.tb02927.x
http://dx.doi.org/10.1002/j.1552-4604.1986.tb02927.x
http://dx.doi.org/10.1248/cpb.45.1146
http://dx.doi.org/10.1248/cpb.45.1146
http://dx.doi.org/10.1016/S0040-4020(97)00157-9
http://dx.doi.org/10.1021/jm970741j
http://dx.doi.org/10.1021/jm970741j
http://dx.doi.org/10.1016/S0040-4039(01)89046-8
http://dx.doi.org/10.1246/cl.1981.1385
http://dx.doi.org/10.1016/S0040-4039(01)93019-9
http://dx.doi.org/10.1021/ja00311a100
http://dx.doi.org/10.1021/jo00126a030
http://dx.doi.org/10.1021/jo00126a030
http://dx.doi.org/10.1021/jo970079z
http://dx.doi.org/10.1021/jo970079z
http://dx.doi.org/10.1021/ol005706c
http://dx.doi.org/10.1021/jo0511039
http://dx.doi.org/10.1021/ol0615228
http://dx.doi.org/10.1021/ol802608r
http://dx.doi.org/10.1021/ol802608r
http://dx.doi.org/10.1021/ja00967a052
http://dx.doi.org/10.1021/ja00990a045
http://dx.doi.org/10.1021/ja00990a045
http://dx.doi.org/10.1016/S0040-4039(00)87446-8
http://dx.doi.org/10.1016/S0040-4039(00)87446-8
http://dx.doi.org/10.1002/hlca.19850680324
http://dx.doi.org/10.1002/hlca.19850680324
http://dx.doi.org/10.1016/S0040-4039(00)95766-6
http://dx.doi.org/10.1016/S0040-4039(00)95766-6
http://dx.doi.org/10.1021/jo00249a011
http://dx.doi.org/10.1016/0040-4039(94)88457-9
http://dx.doi.org/10.1016/0040-4039(94)88457-9
http://dx.doi.org/10.1021/jo972255+
http://dx.doi.org/10.1021/jo972255+
http://dx.doi.org/10.1021/jo8008353
http://dx.doi.org/10.1021/jo8008353
http://dx.doi.org/10.1002/ejoc.201001263
http://dx.doi.org/10.1002/ejoc.201001263
http://dx.doi.org/10.1021/ja306881u
http://dx.doi.org/10.1002/anie.201205711
http://dx.doi.org/10.1002/ange.201205711
http://dx.doi.org/10.1002/anie.201405418
http://dx.doi.org/10.1002/ange.201405418
http://dx.doi.org/10.1002/ange.201405418
http://dx.doi.org/10.1021/ja981303k
http://dx.doi.org/10.1021/ja9829259
http://dx.doi.org/10.1021/ja9829259
http://dx.doi.org/10.1021/ja0202964
http://dx.doi.org/10.1021/ja0202964
http://dx.doi.org/10.1021/ja068047t
http://dx.doi.org/10.1021/ja068047t
http://dx.doi.org/10.1021/ja103721s
http://dx.doi.org/10.1021/ja103721s
http://dx.doi.org/10.1021/ja308826x
http://dx.doi.org/10.1021/ja404673s
http://dx.doi.org/10.1021/ja404673s
http://dx.doi.org/10.1021/ja806183r
http://dx.doi.org/10.1038/nature10197
http://dx.doi.org/10.1021/ja5045852
http://dx.doi.org/10.1021/jo0348827
http://dx.doi.org/10.1021/jo0348827
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/10.1021/ja0602997
http://dx.doi.org/10.1021/ja0602997
http://dx.doi.org/10.1021/ol702501s
http://dx.doi.org/10.1002/anie.201008003
http://dx.doi.org/10.1002/anie.201008003
http://dx.doi.org/10.1002/ange.201008003
http://dx.doi.org/10.1002/anie.201301212
http://dx.doi.org/10.1002/anie.201301212
http://dx.doi.org/10.1002/ange.201301212
http://dx.doi.org/10.1021/ja406546k
http://dx.doi.org/10.1021/ja406546k
http://dx.doi.org/10.1002/anie.201410443
http://dx.doi.org/10.1002/anie.201410443
http://dx.doi.org/10.1002/ange.201410443
http://dx.doi.org/10.1039/b518232h
http://dx.doi.org/10.1039/c0dt00421a
http://dx.doi.org/10.1039/c0dt00421a
http://dx.doi.org/10.1021/jo9518415
http://dx.doi.org/10.1021/jo9518415
http://dx.doi.org/10.1016/S0959-6380(07)80004-3
http://dx.doi.org/10.1016/S0959-6380(07)80004-3
http://dx.doi.org/10.1021/jo015804r
http://dx.doi.org/10.1021/jo00186a032
http://dx.doi.org/10.1021/jo00186a032
http://dx.doi.org/10.1021/ja994373f
http://dx.doi.org/10.1021/jo010020z
http://dx.doi.org/10.1021/jo010020z
http://dx.doi.org/10.1002/anie.200802187
http://dx.doi.org/10.1002/anie.200802187
http://dx.doi.org/10.1002/ange.200802187
http://dx.doi.org/10.1021/ja904709b
http://dx.doi.org/10.1021/ol401246u
http://dx.doi.org/10.1021/ol401246u
http://dx.doi.org/10.1016/S0040-4039(00)95036-6
http://www.angewandte.org


[16] For previous syntheses, see a) P. M. Jeffs, H. F. Campbell, R. L.
Hawks, Chem. Commun. 1971, 1338; b) A. S. Howard, R. B.
Katz, J. P. Michael, Tetrahedron Lett. 1983, 24, 829; c) J. P.
Michael, A. S. Arthur, R. B. Katz, M. I. Zwane, Tetrahedron
Lett. 1992, 33, 6023; d) see Ref. [2i].

[17] For its isolation, see P. W. Jeffs, T. Capps, D. B. Johnson, J. M.
Karle, N. H. Martin, B. Rauckman, J. Org. Chem. 1974, 39, 2703.

[18] Asymmetric variants of pyrone Diels–Alder reactions are quite
rare and highly substrate specific. For leading examples, see
a) I. E. Marký, G. R. Evans, J. P. Declercq, Tetrahedron 1994, 50,
4557; b) G. H. Posner, H. Dai, D. S. Bull, J. K. Lee, F. Eydoux, Y.
Ishihara, W. Welsh, N. Pryor, S. Petr, J. Org. Chem. 1996, 61, 671;
c) Y. Wang, H. Li, Y. Q. Wang, Y. Liu, B. M. Foxman, L. Deng, J.
Am. Chem. Soc. 2007, 129, 6364.

[19] N. �nver, G. I. Kaya, Turk. J. Chem. 2005, 29, 547.
[20] Inspiration for some of the steps derived from: A. P. Panarello,

O. Vassylyev, J. G. Khinast, Tetrahedron Lett. 2005, 46, 1353.
[21] a) J. H. Rigby, A. Cavezza, M. J. Heeg, J. Am. Chem. Soc. 1998,

120, 3664; b) F. R. Petronijevic, P. Wipf, J. Am. Chem. Soc. 2011,
133, 7704.

[22] Failed conditions include catalytic hydrogenation with hetero-
geneous catalysts (Pd/C, Pd(OH)2, Pt/C) or homogeneous
catalysts (CrabtreeÏs catalyst, WilkinsonÏs catalyst), as well as
Me3O

+BF4
¢/NaBH4, TFA/NaBH3CN, LiDBB, Li/NH3(l), and

(BDP)CuH. For leading references, see Ref. [2b,c] as well as
a) M. F. Semmelhack, R. N. Misra, J. Org. Chem. 1982, 47, 2469;
b) R. Z. Andriamialisoa, N. Langlois, Y. Langlois, J. Org. Chem.
1985, 50, 961; c) C. H. Heathcock, S. K. Davidsen, S. G. Mills,
M. A. Sanner, J. Org. Chem. 1992, 57, 2531; d) T. J. Donohoe, D.
House, J. Org. Chem. 2002, 67, 5015; e) B. A. Baker, Z. V.
Boškovic, B. H. Lipshutz, Org. Lett. 2008, 10, 289.

[23] K. Iwasaki, K. K. Wan, A. Oppedisano, S. W. Crossley, R. A.
Shenvi, J. Am. Chem. Soc. 2014, 136, 1300.

[24] G. A. Molander, J. A. McKie, J. Org. Chem. 1994, 59, 3186.

[25] We cannot strictly rule out that reduction with SmI2 affords both
ring junction diastereomers directly, although there is precedent
for the addition of similarly protected amines into neighboring
enone systems: a) Q. Gu, S.-L. You, Chem. Sci. 2011, 2, 1519;
b) J.-Y. Du, C. Zeng, X.-J. Han, H. Qu, X.-H. Zhao, X.-T. An, C.-
A. Fan, J. Am. Chem. Soc. 2015, 137, 4267. Efforts to separately
induce the conversion of 51 into 54 under basic conditions failed
in our hands, despite 54 being more stable by MM2 calculations.

[26] W. G. Salmond, M. A. Barta, J. L. Havens, J. Org. Chem. 1978,
43, 2057.

[27] The final conversion of 55 into 56 involves an oxidation under
conditions where such an event is not usually observed. In this
case, however, we believe that such an oxidation occurs in the
TBAF step, an outcome that has been noted previously: R.
Hunter, P. Richards, Org. Biomol. Chem. 2003, 1, 2348.

[28] For other benzylic oxidation conditions attempted, see a) H.
Lee, R. G. Harvey, J. Org. Chem. 1988, 53, 4587; b) K. C.
Nicolaou, P. S. Baran, Y. L. Zhong, J. Am. Chem. Soc. 2001, 123,
3183; c) A. J. Catino, R. E. Forslund, M. P. Doyle, J. Am. Chem.
Soc. 2004, 126, 13622; d) J. Q. Yu, E. J. Corey, J. Am. Chem. Soc.
2003, 125, 3232; e) T. Nagano, S. Kobayashi, Chem. Lett. 2008,
37, 1042; f) S. A. Snyder, T. C. Sherwood, A. G. Ross, Angew.
Chem. Int. Ed. 2010, 49, 5146; Angew. Chem. 2010, 122, 5272;
g) M. S. Yusubov, V. N. Nemykin, V. V. Zhdankin, Tetrahedron
2010, 66, 5745.

[29] J. E. Toth, P. L. Fuchs, J. Org. Chem. 1987, 52, 473.
[30] K. C. Nicolaou, S. A. Snyder, T. Montagnon, G. Vassilikogian-

nakis, Angew. Chem. Int. Ed. 2002, 41, 1668; Angew. Chem. 2002,
114, 1742.

Received: November 12, 2015
Published online: February 10, 2016

Angewandte
ChemieCommunications

3630 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 3625 –3630

http://dx.doi.org/10.1016/S0040-4039(00)81540-3
http://dx.doi.org/10.1016/S0040-4039(00)61117-6
http://dx.doi.org/10.1016/S0040-4039(00)61117-6
http://dx.doi.org/10.1021/jo00932a008
http://dx.doi.org/10.1016/S0040-4020(01)89387-X
http://dx.doi.org/10.1016/S0040-4020(01)89387-X
http://dx.doi.org/10.1021/jo9515900
http://dx.doi.org/10.1021/ja070859h
http://dx.doi.org/10.1021/ja070859h
http://dx.doi.org/10.1016/j.tetlet.2004.12.101
http://dx.doi.org/10.1021/ja974317j
http://dx.doi.org/10.1021/ja974317j
http://dx.doi.org/10.1021/ja2026882
http://dx.doi.org/10.1021/ja2026882
http://dx.doi.org/10.1021/jo00133a045
http://dx.doi.org/10.1021/jo00207a011
http://dx.doi.org/10.1021/jo00207a011
http://dx.doi.org/10.1021/jo00035a007
http://dx.doi.org/10.1021/jo0257593
http://dx.doi.org/10.1021/ol702689v
http://dx.doi.org/10.1021/ja412342g
http://dx.doi.org/10.1021/jo00090a041
http://dx.doi.org/10.1039/c1sc00083g
http://dx.doi.org/10.1021/jacs.5b01926
http://dx.doi.org/10.1021/jo00404a049
http://dx.doi.org/10.1021/jo00404a049
http://dx.doi.org/10.1039/b303031h
http://dx.doi.org/10.1021/jo00254a035
http://dx.doi.org/10.1021/ja045330o
http://dx.doi.org/10.1021/ja045330o
http://dx.doi.org/10.1021/ja0340735
http://dx.doi.org/10.1021/ja0340735
http://dx.doi.org/10.1246/cl.2008.1042
http://dx.doi.org/10.1246/cl.2008.1042
http://dx.doi.org/10.1002/anie.201002264
http://dx.doi.org/10.1002/anie.201002264
http://dx.doi.org/10.1002/ange.201002264
http://dx.doi.org/10.1016/j.tet.2010.04.046
http://dx.doi.org/10.1016/j.tet.2010.04.046
http://dx.doi.org/10.1021/jo00379a038
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1668::AID-ANIE1668%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1742::AID-ANGE1742%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1742::AID-ANGE1742%3E3.0.CO;2-Y
http://www.angewandte.org

