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A new approach to Oppolzer’s intramolecular Diels—Alder cycloaddition (IMDA) through y-isomerization of readily available N-tethered
allenamides is described. These IMDA reactions are carried out in tandem with the allenamide isomerization or 1,3-H shift, leading to complex
nitrogen heterocycles in a highly stereoselective manner.

Intermolecular Diels—Alder cycloadditions of 1-amino- or cular Diels—Alder cycloadditions (IMDA)," relative to
l-amido-dienes' ~’ have proven to be a powerful reaction the intermolecular pursuit, it has shown limited applications
manifold, with some notable examples shown in Scheme 1.

Although Oppolzer®® had elegantly demonstrated the s

concept of N-tethered l-amido-dienes in intramole- ) ) o
Scheme 1. Oppolzer’s IMDA via Allenamide Isomerization
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1981, 753. (c) Campbell, A. L.; Lenz, G. R. Synthesis 1987,421. Also see: OMB CC|3 '(_) 0"\“‘!" Q
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in the past 40 years in part due to a lack of efficient synthetic
access to these cycloaddition precursors.'™"" We recently
reported'? that y-isomerizations of allenamides 1 provide a
facile entry to 1-amido-dienes 3 via a stereoselective 1,3-H
shift (Scheme 1)."* This finding provokes a unique synthetic
design in which the allenamide isomerization could be ren-
dered in tandem with the Oppolzer-type intramolecular
Diels—Alder cycloaddition when using N-tethered allena-
mides 4. If successful (4 — 5 — 6), such an endeavor would
allow rapid assembly of structural complexity from simple
allenamides and further underscores the significance of devel-
oping chemistry of allenamides.'*~'® We communicate here
an Oppolzer-type IMDA through y-isomerizations of
allenamides.

Scheme 2. Facile Assembly of N-Tethered Allenamides
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While the general plan is laid out concisely in Scheme 2
with allenamides 11 and 12'7 readily attainable through
amidative cross-coupling'*'® of allenyl iodide 7 with re-
spective amides 8 and 9, developing an effective y-isomer-
ization in conjunction with Oppolzer’'s IMDA was not
trivial; a wide range of conditions had to be examined
(Table 1). While the modest yields attained under a number
of conditions (entries 2—8) could still be considered useful
given the context of constructing multiple bonds and
stereocenters in a tandem sequence, ultimately it appeared
that a base, optimally being a proton sponge (entry 11) or
Et3N (entry 14), was needed to avoid significant hydrolysis

(6) (a) Huang, Y.; Iwama, T.; Rawal, V. H. J. Am. Chem. Soc. 2000,
122,7843. (b) Kozmin, S. A.; Iwama, T.; Huang, Y.; Rawal, V. H. J. Am.
Chem. Soc. 2002, 124, 4628.

(7) (a) Grauvry, N.; Huet, F. J. Org. Chem. 2001, 66, 583. (b)
Robiette, R.; Cheboub-Benchaba, K.; Peeters, D.; Marchand-Brynaert,
J. J. Org. Chem. 2003, 68, 9809. (c) von Wangelin, A. J.; Neumann, H.;
Golrdes, D.; Spannenberg, A.; Beller., M. Org. Lett. 2001, 3, 2895.

(8) For examples of tandem benzocyclobutene ring-opening— 1-ami-
do-diene Diels—Alder sequences, see: Oppolzer, W. J. Am. Chem. Soc.
1971, 93, 3834. (b) Oppolzer, W.; Keller, K. J. Am. Chem. Soc. 1971, 93,
3836. (c) Oppolzer, W.; Robbiani, C. Helv. Chim. Acta 1983, 66, 1119.
(d) For a recent example and for references therein, see: Feltenberger,
J. B.; Hayashi, R.; Tang, Y.; Babiash, E. S. C.; Hsung, R. P. Org. Lett.
2009, /1, 3666.

(9) (a) Oppolzer, W.; Frostl, W. Helv. Chim. Acta 1975, 58, 590. (b)
Oppolzer, W.; Flaskamp, E.; Bieber, L. W. Helv. Chim. Acta 2001, 84,
141.

(10) For recent reviews for intramolecular Diels—Alder reactions for
natural product synthesis, see: (a) Takao, K.; Munakata, R.; Tadano, K.
Chem. Rev. 2005, 105,4779. (b) Padwa, A.; Bur, S. K. Tetrahedron 2007,
63, 5341.
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Table 1. Tandem y-Isomerization—Oppolzer-Type IMDA

entry W= solvent? additive [equiv] temp [°C] time [h] yield [%]°

1 11:7s toluene - 135 18 trace®
2 1M:Ts toluene - 170 26 134
3 12:pNs xylene - 150 40 42
4 12:pNs xylene - 180 19 a3
5 12: p-Ns decane - 180 15 25
6 12: pNs 1,2-DiCIPh - 165 24 33
7 12:pNs Ph,O - 165 24 32
8 12:pNs xyl/decane - 165 24 a8
9 1:Ts toluene BSA [0.3-5] 165 24 -
10 12: pNs xyl/decane BSA[3] 165 24 -
11 12: pNs xyl/decane proton sponge[3] 165 24 77
12 12: pNs xyl'decane 1-Me-imidazole [3] 165 24 63
13 11:Ts xyl'decane EtgN [3] 165 24 34
14 12: pNs xyl/decane EtsN [3] 165 24 76
15 12: pNs xyl'decane DBU [3] 165 24 trace'
16 12: pNs xyl/decane DABCO [3] 165 24 trace'
17 12: pNs xyl/decane Cs,C03 [3] 165 24 48
18 12: pNs xyl/decane KoCO3 [3] 165 24 ~ 8!
19 12: pNs  xylidecane 4A MS [3] 165 24 -5
20 12:p-Ns xyldecane Na S0, [3] 165 24 ~&f

“ All reactions were run in screw-cap vials with Teflon-coated caps.
Concentration = 0.05 M, except for entries 1 -3 and 10 where concen-
tration = 0.02 M. ”Isolated yields for 15 or 16. ¢ The only product was
N-tethered 1-amido-diene 13 in 78% yield. ¢ The respective secondary
amide was isolated in 15% yield as a result of hydrolysis along with 26%
of 13. ¢ A complex mixture.” Mostly decomposition of 12.

of starting allenamides. Other amine bases, inorganic bases,
or drying agents screened were not effective (entries 15—20).

In addition, a p-nosyl substituent on the nitrogen atom
provided higher yield of the respective cycloadduct 16
(entry 14), relative to cycloadduct 15 containing an N-Ts
group (entry 13). Diastereoselectivity or the endo:exo ratio
for 16 (dr = 10:1) was also slightly higher than that of 15
(dr = 8:1). Relative stereochemistry of the major isomer of

(11) For some examples of IMDA using systems related to 1-N-
substituted-1,3-dienes over the past 30 years, see: (a) Stork, G.; Morgans,
D.J., Jr.J. Am. Chem. Soc. 1979, 101, 7110. (b) Witiak, D. T.; Tomita, K.;
Patch, R. J.; Enna, S. J. J. Med. Chem. 1981, 24, 788. (c) Keck, G. E.;
Boden, E.; Sonnewald, U. Tetrahedron Lett. 1981, 22, 2615. (d) Martin,
S. F.; Tu, C.; Kimura, M.; Simonsen, S. H. J. Org. Chem. 1982, 47, 3634.
(e) Hwang, G.; Magnus, P. J. Chem. Soc. Chem. Commun. 1983, 693. (f)
Hayakawa, K.; Yasukouchi, T.; Kanematsu, K. Tetrahedron Lett. 1986,
27, 1837. (g) Boeckman, R. K., Jr.; Goldstein, S. W.; Walters, M. A.
J. Am. Chem. Soc. 1988, 110, 8250. (h) Martin, S. F.; Li, W. J. Org. Chem.
1989, 54, 265. (i) Boger, D. L.; Zhang, M. J. Am. Chem. Soc. 1991, 113,
4230. (j) Yamada, H.; Sodeoka, M.; Shibasaki, M. J. Org. Chem. 1991, 56,
4569. (k) Rawal, V. H.; Iwasa, S. J. Org. Chem. 1994, 59, 2685. (1) Keck,
G. E.; McHardy, S. F.; Murry, J. A. J. Am. Chem. Soc. 1995, 117, 7289.
(m) Lee, M.; Ikeda, I.; Kawabe, T.; Mori, S.; Kanematsu, K. J. Org.
Chem. 1996, 61, 3406. (n) Padwa, A.; Brodney, M. A.; Dimitroff, M.
J. Org. Chem. 1998, 63, 5304. (0) Boonsombat, J.; Zhang, H.; Chughtai,
M. J.; Hartung, J.; Padwa, A. J. Org. Chem. 2008, 73, 3539. (p) Friedrich,
A.; Jainta, M.; Nising, C. F.; Brase, S. Synlett 2008, 589.

(12) Hayashi, R.; Hsung, R. P.; Feltenberger, J. B.; Lohse, A. G. Org.
Lett. 2009, 11, 2125.

(13) For a few notable examples of allenamide isomerizations, see: (a)
Overman, L. E.; Clizbe, L. A.; Freerks, R. L.; Marlowe, C. K. J. Am. Chem.
Soc. 1981, 103, 2807. Also see: (b) Farmer, M. L.; Billups, W. E.; Greenlee,
R. B.; Kurtz, A. N. J. Org. Chem. 1966, 31, 2885. (c) Kinderman, S. S.; van
Maarseveen, J. H.; Schoemaker, H. E.; Hiemstra, H.; Rutjes, F. P. J. T.
Org. Lett. 2001, 3, 2045. (d) Trost, B. M.; Stiles, D. T. Org. Lett. 2005, 7,
2117.

(14) For a leading review on allenamide chemistry, see: Hsung, R. P.;
Wei, L.-L.; Xiong, H. Acc. Chem. Res. 2003, 36, 773.
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structure shown as ent-16

an endo-IMDA

Figure 1. X-ray structure of 16.

16 was unambiguously assigned using single crystal X-ray
structure (Figure 1), thereby suggesting a favored endo-
transition state with respect to the carbon tethering.

Scheme 3. Sequential Pursuit versus Tandem Process
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A quick comparison was drawn through pursuing this
Oppolzer-type IMDA sequentially in conjunction with the
y-isomerization of allenamides. As shown in Scheme 3,

(15) Alsosee: (a) Lohse, A. G.; Hsung, R. P. Chem.—Eur. J.2011, 17,
3812. (b) Standen, P. E.; Kimber, M. C. Curr. Opin. Drug Discovery Dev.
2010, /3, 645. (c) Deagostino, A.; Prandi, C.; Tabasso, S.; Venturello, P.
Molecules 2010, 15, 2667. (d) For general reviews on allenes, see:
Krause, N.; Hashmi, A. S. K. Modern Allene Chemistry; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, 2004; Vols 1 and 2.

(16) Given the large volume of recent activities in allenamide chem-
istry, for reports in 2010—2011, see: (a) Lohse, A. G.; Hsung, R. P.;
Leider, M. D.; Ghosh, S. K. J. Org. Chem. 2011, 76, 3246. (b) Faustino,
H.; Lépez, F.; Castedo, L.; Mascarenas, J. L. Chem. Sci. 2011, 633. (c)
Zhu, Y.; Yin, G.; Hong, D.; Lu, P.; Wang, Y. Org. Lett. 2011, 13, 1024.
(d) Yin, G.; Zhu, Y.; Zhang, L.; Lu, P.; Wang, Y. Org. Lett. 2011, 13,
940. (e) Lohse, A. G.; Krenske, E. H.; Antoline, J. E.; Houk, K. N.;
Hsung, R. P. Org. Lett. 2010, 12, 5506. (f) Hayashi, R.; Walton, M. C.;
Hsung, R. P.; Schwab, J. H.; Yu, X. Org. Lett. 2010, 12, 5768. (g)
Hayashi, R.; Feltenberger, J. B.; Hsung, R. P. Org. Lett. 2010, 12, 1152.
(h) Beccalli, E. M.; Bernasconi, A.; Borsini, E.; Broggini, G.; Rigamonti,
M.; Zecchi, G. J. Org. Chem. 2010, 75, 6923. (i) Hill, A. W.; Elsegood,
M. R.J; Kimber, M. C. J. Org. Chem. 2010, 75, 5406. (j) Persson, A. K.
A.; Backvall, J.-E. Angew. Chem., Int. Ed. 2010, 49, 4624. (k) Krenske,
E. K.; Houk, K. N.; Lohse, A. G.; Antoline, J. E.; Hsung, R. P. Chem.
Sci. 2010, 7, 387. (1) Danowitz, A. M.; Taylor, C. E.; Shrikian, T. M.;
Mapp, A. K. Org. Lett. 2010, 12, 2574. (m) Zbieg, J. R.; E.; McInturff,
E. L.; Krische, M. J. Org. Lett. 2010, 12, 2514. (n) Cordier, P.; Aubert,
C.; Malacria, M.; Gandon, V.; Lacote, E. Chem.—Eur. J. 2010, 16,9973.
(o) Kimber., M. C. Org. Lett. 2010, 12, 1128. (p) Hashimoto, K.; Horino,
Y.; Kuroda, S. Heterocycles 2010, 80, 187.

(17) See Supporting Information.
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acid-catalyzed isomerization of allenamide 12 gave N-
tethered 1-amido diene 14 in near quantitative yield. The
ensuing cycloaddition using either Et;N or a proton
sponge as the additive led to cycloadduct 16 with a
combined yield for either condition very comparable to
those attained in a tandem manner (in italics).

o et
L

H H

H
21: W = Ts [66%]

17: W = Ts [46%] 19: R = Me [58%]
dr=T:1 dr=11:1 dr=10:1
18: W=p-Ns [42%] 20: R=H [40%] 22: W = p-Ns [75%]
dr=14:1 dr=10:1 dr=12:1
Ts
N
H
H 23: 50%
o dr=10:3
" Ph

Figure 2. Tandem y-isomerization—Oppolzer-type IMDA. All
reactions were run for 40—48 h in screw-cap vials with Teflon-
coated caps at 165—175 °C using the xylene/decane mixed
solvent system and 3.0 equiv Et;N as additive. Cycloaddition for
preparing 23 was run at 210 °C. The diastereomeric ratios were
determined using 'H and/or '*C NMR.

Having established the feasibility, various examples
could be readily produced including tricycles 21—23 (see
product Figure 2). In general, the p-nosyl substitution
gave better yields, and both sterecoselectivity and overall
yields are in the synthetically useful range and could be
considered excellent in the context of constructing multi-
ple bonds and stereocenters. It is noteworthy that addi-
tional substitutions on the olefin such as a Ph group
could be included, leading to cycloadduct 23 with an
endo:exo ratio of 10:3 (the endo isomer was assigned
using NOE experiments). In addition, the original cis
configuration of the olefin was preserved during the
cycloaddition.

Scheme 4. Unexpected Enamide 1,4-Addition
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We then turned our attention toward constructing het-
erocycles with greater complexity. However, when using
allenamide 24 containing a cinnamate motif in an attempt
to prepare indolines through the tandem y-isomerization—
IMDA sequence, we encountered an unexpected enamide
1,4-addition (see 25), leading to the formation of amido
diene 27 (Scheme 4). This new diene was only fully rec-
ognized after we were attempting an aromatization process
using DDQ, which led to another Diels—Alder cycload-
duct 28.

Scheme 5. Assembly of Indolines
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9 ———————————— - —————
b X -
\f
: 07 ~OEt e
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in contrast

g It /lf/ s
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34: isopropylidene b
34'; cyclohexylidene 35 or 35"

36: 30% [dr=2:1] 36': 26% [dr=2:1]

Contemplating taking advantage of this new observa-
tion we prepared allenamide 29 containing an alloc group
with the hope that another IMDA could take place
through diene 30 leading to tetracycle 31 (Scheme 5).
Surprisingly, we found that 1,4-addition was even occur-
ring prior to the allenamide isomerization, leading to the
formation of cyclobutane 33. Cyclobutane 33 most likely
was derived from two consecutive 1,4-additions with the
latter involving vinyl iminium ion 32. On the other hand,
although the major product, 1-amido-diene 30 did not
undergo further IMDA to give the anticipated tetracyclic
quinoline 31. Fortuitously, this issue could be circum-
vented by using allenamide 34 and 34’, which gave respec-
tive indolines 36 and 36’ in modest overall yield through the
expected sequence of tandem y-isomerization—Oppolzer-
type IMDA. Unfortunately, the endo:exo ratios for these
cases were not high.

(18) (a) Trost, B. M.; Stiles, D. T. Org. Lett. 2005, 7, 2117. (b) Shen,
L.;Hsung, R.P.; Zhang, Y.; Antoline, J. E.; Zhang, X. Org. Lett.2005, 7,
3081. Also see: (c) Persson, A. K. A; Johnston, E. V.; Backvall, J.-E.
Org. Lett. 2009, 11, 3814.
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Scheme 6. Rapid Constructions of Quinolines
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The power of this tandem sequence can be manifested in
the quinoline synthesis. As shown in Scheme 6, a number of
quinolines such as 41—43 could be accessed rapidly in an
efficient manner from simple N-allyl-aniline 37 in four steps.
These rapid assemblies feature aza-Claisen, copper-catalyzed
amidative cross-coupling and tandem y-isomerization—
Oppozler-type intramolecular Diels—Alder cycloaddition. In
particular, the tandem sequence is stereoselective for the
synthesis of the tetracyclic quinoline 43, which was isolated
in 74% yield with a diastereomeric ratio of 10:1. The major
isomer of 43 was concisely assigned using a NOE experiment.

We have described here an Oppolzer-type intramolecu-
lar Diels—Alder cycloaddition (IMDA) through y-isomer-
ization of readily available N-tethered allenamides. These
IMDA reactions are carried out in tandem with the
allenamide isomerization, which consists of a 1,3-H shift,
leading to complex nitrogen heterocycles in a highly
stereoselective manner. Applications of this new tandem
process in alkaloid synthesis are underway.
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