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ABSTRACT
CO.H
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asymmetric 3,3-disubstituted * R=H, ~21% yield

hydrovinylation oxindole from 1-tetralone

1-methylenetetraline

The asymmetric hydrovinylation (1 mol % Ni-cat., 1 atm, ethylene, >98% ee) products from 1-methylenetetralines are readily converted into 3,
3-disubstituted oxindoles and subsequently to pyrrolidinoindolines. These hydrovinylation products are also useful for the syntheses of
enantiopure benzomorphans.

An all-carbon quaternary center at a benzylic posi- intramolecular arylcyanation,’® Pd-catalyzed intramo-
tion is a structural motif that is common to many lecular cyano-amidation,® Mo-catalyzed intermolecular
pharmaceutically relevant classes of compounds. These
include acetylcholine esterase inhibitor (—)-physostigmine
and analogous pyrrolidinoindolines,'? analgesics®

(+)-aphanorphine and (—)-eptazocine, and cytotoxic, R Me,

phenolic diterpenoids like (—)-standishinal* (Figure 1). \©\)<K\’L HO
Ny Me
Me

E ; N
\
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The major challenge in the synthesis of these com- N-Me
pounds is the installation of the all-carbon quaternary
center, a topic that is of considerable topical interest.’ In 1 R = OC(O)NHMe (-)-physostigmine 5 (+)-aphanorphine
the context of the benzylic quaternary center in the 2 R = OC(O)NHPh (-)-phenserine

3 R =0Me (-)-esermethole H

molecules listed above, many of the well-known enan- )
4 R =H (-)-desoxyeseroline

tioselective C—C bond-forming reactions have been
employed with varying degrees of success. These include

the intramolecular Heck reaction,”™*** Ni-catalyzed HO\@@NM
e

0o

(1) Reviews on pyrrolidinoindolines and their biological activities: OH
(a) Anthoni, U.; Christophersen, C.; Nielsen, P. H. In Alkaloids.: Chemical 6 (-)-eptazocine 7 (-)-standishinal
and Biological Perspectives; Pelletier, S. W., Ed.; Wiley: New York, 1999;
Vol. 13, 163—236. (b) Takano, S.; Ogasawara, K. In The Alkaloids; . s . . i
Brossi, XpEd Acadegni)c: San Dicgo, C%A, 1989: Vol. 36, pp 225-251. Figure 1. Med}Clndlly important molecules containing an all-
(c) Greig, N. H.; Pei, X.-F.; Soncrant, T. T.; Ingram, D. K.; Brossi, A. carbon benzylic quaternary center.
Med. Res. Rev. 1995, 15, 3.
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Scheme 1. All Carbon Quaternary Centers via Catalytic Asym-

metric Hydrovinylation
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allylation,”” Pd-catalyzed intramolecular allylation,*®
thiourea->"° or quaternary ammonium->' catalyzed alky-
lation of an oxindole anion, (R)-BINOL-SnCl-catalyzed
[3 + 2]-cycloaddition, intramolecular Friedel—Crafts
alkylation,* and Pd-catalyzed o-arylation of an enolate.*
Recently our group reported highly enantioselective
Ni-catalyzed asymmetric hydrovinylation of a-alkylviny-

larenes in which a benzylic, all-carbon quaternary center
is generated in high yield and exceptionally high

Et

(2) For leading references to syntheses of pyrrolidinoindolines, see
asymmetric catalytic routes: (a) Repka, L. M.; Ni, J.; Reisman, S. E.
J. Am. Chem. Soc. 2010, 132, 14418. (b) Liu, X.-L.; Liao, Y.-H.; Wu,
Z.-J.; Cun, L.-F.; Zhang, X.-M.; Yuan, W.-C. J. Org. Chem. 2010, 75,
4872. (¢) Bui, T.; Syed, S.; Barbas, C. F. J. Am. Chem. Soc. 2009, 131,
8758. (d) Nakao, Y.; Ebata, S.; Yada, A.; Hiyama, T.; Ikawa, M.;
Ogoshi, S. J. Am. Chem. Soc. 2008, 130, 12874. () Yasui, Y.; Kamisaki, H.;
Takemoto, Y. Org. Lett. 2008, 10, 3303. (f) Trost, B. M.; Zhang, Y.
J. Am. Chem. Soc. 2006, 128, 4590. (g) ElAzab, A. S.; Taniguchi, T.;
Ogasawara, K. Org. Lett. 2000, 2, 2757. (h) Matsuura, T.; Overman,
L. E.; Poon, D.J. J. Am. Chem. Soc. 1998, 120, 6500. (i) Lee, T. B. K.;
Wong, G.S. K. J. Org. Chem.1991, 56, 872. Notable noncatalytic routes:
(j) Espejo, V. R.; Li, X.-B.; Rainier, J. D. J. Am. Chem. Soc. 2010, 132,
8282. (k) Kulkarni, M. G.; Dhondge, A. P.; Borhade, A. S.; Gaikwad,
D. D.; Chavhan, S. W.; Shaikh, Y. B.; Ningdale, V. B.; Desai, M. P.;
Birhade, D. R.; Shinde, M. P. Tetrahedron Lett. 2009, 50, 2411.
(1) Padwa, A.; Nara, S.; Wang, Q.-S. J. Org. Chem. 2005, 70, 8538.
(m) Santos, P. F_; Srinivasan, N.; Almeida, P. S.; Lobo, A. M.; Prabhakar,
S. Tetrahedron 2005, 61, 9147. (n) Huang, A.; Kodanko, J. J.; Overman,
L. E. J. Am. Chem. Soc. 2004, 126, 14043. (o) Rege, P. D.; Johnson, F.
J. Org. Chem. 2003, 68, 6133. (p) Kawahara, M.; Nishida, A.; Nakagawa,
M. Org. Lett. 2000, 2, 675. (q) Marino, J. P.; Bogdan, S.; Kimura, K. J. Am.
Chem. Soc. 1992, 114, 5566. (r) Node, M.; Itoh, A.; Masaki, Y.; Fuji, K.
Heterocycles 1991, 32, 1705. (s) Takano, S.; Goto, E.; Hirama, M.;
Ogasawara, K. Chem. Pharm. Bull. 1982, 30, 2641. (t) Julian, P. L.; Pikl,
J. J. Am. Chem. Soc. 1935, 57, 539.

(3) Representative examples of recent syntheses: (a) Mai, D. N.;
Rosen, B. R.; Wolfe, J. P. Org. Lett. 2011, 13, 2932. (b) Medjahdi, M.;
Gonzélez, G.,J. C.; Foubelo, F.; Yus, M. Eur. J. Org. Chem. 2011, 2230.
(c) Nakao, Y.; Ebata, S.; Yada, A.; Hiyama, T.; Ikawa, M.; Ogoshi, S.
J. Am. Chem. Soc. 2008, 130, 12874. (d) Yang, X.; Zhai, H.; Li, Z. Org.
Lett. 2008, 10,2457. () Ma, Z.; Zhai, H. Synlett 2007, 161. (f) Grainger,
R.S.; Welsh, E.J. Angew. Chem., Int. Ed. 2007, 46, 5377.(g) Bower,J. F.;
Szeto, P.; Gallagher, T. Org. Biomol. Chem. 2006, 5, 143. (h) Taylor,
S. K.; Ivanovic, M.; Simons, L. J.; Davis, M. M. Tetrahedron: Asym-
metry 2003, 14, 743. (i) Fadel, A.; Arzel, P. Tetrahedron. Asymmetry
1997, 8, 371. (j) Shiotani, S.; Okada, H.; Nakamata, K.; Yamamoto, T.;
Sekino, F. Heterocycles 1996, 43, 1031. (k) Hulme, A. N.; Henry, S. S.;
Meyers, A. 1. J. Org. Chem. 1995, 60, 1265. (1) Takemoto, T.; Sodeoka,
M.; Sasai, H.; Shibasaki, M. J. Am. Chem. Soc. 1993, 115, 8477.
Erratum: J. Am. Chem. Soc. 1994, 116, 11207. (m) Takano, S.; Inomata,
K.; Sato, T.; Ogasawara, K. J. Chem. Soc., Chem. Commun. 1989, 1591.
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enantioselectivity (Scheme 1).° Thus, under optimized
conditions, with as little as 1 —4 mol % of a Ni(II) catalyst
prepared from [(allyl)NiBr],, a phosphoramidite ligand 8
and a highly dissociated counteranion (BARF™), proto-
typical substrates 9 and 10 gave the respective adducts 11
and 12 in >98% ee. Despite the modest yield in one of
these reactions [11 (82%), the rest rearranged starting
material, 1-methyl-7-methoxy-3,4-dihydronaphthalene)®],
this two-step procedure from a ketone represents a major
improvement over the best routes previously reported for
the synthesis of this important class of compounds. For
example, 11 has been previously synthesized via stoichio-
metric oxazoline-directed alkylation (12 steps, 35% overall
yield, 99% ee)** or an enzyme-catalyzed desymmetrization
of an o, a-disubstituted meso-dimethylmalonate (13 steps,
31% overall yield, 97% ee).* Shibasaki et al. prepared a
closely related compound using an asymmetric intramole-
cular Heck reaction (~10 steps, 37% yield, 93% ee).” The
compound 12 has been prepared in ~51% yield (92% ee)
from acetophenone in 4 steps using an enantioselective Cu-
catalyzed allylic alkylation, which uses 5 mol % of a
catalyst and 3 equivalents of Et,Zn.” As a logical extension
of our work, we have been exploring applications of this
chemistry for the synthesis of biologically relevant targets,
and here we describe an approach to pyrrolidinoindolines.
Further applications for the syntheses of benzomorphan
analogs (—)-eptazocine and (+)-aphanorphine are also
discussed.

(4) For a recent review, see: Majetich, G.; Shimkus, J. M. J. Nat.
Prod. 2010, 73, 284. For recent synthetic studies, see: (a) Fillion, E.;
Fishlock, D. J. Am. Chem. Soc 2005, 127, 13144. (b) Node, M.; Ozeki,
M.; Planas, L.; Nakano, M.; Takita, H.; Mori, D.; Tamatani, S.;
Kajimoto, T. /J. Org. Chem. 2010, 75, 190. (¢) Liang, G.; Xu, Y.; Seiple,
I. B.; Trauner, D. J. Am. Chem. Soc. 2006, 128, 11022. (d) McFadden,
R. M.; Stoltz, B. M. J. Am. Chem. Soc. 2006, 128, 7738. (e) Liao, X.;
Stanley, L. M.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2088.

(5) Monograph: Quaternary Stereocenters. Challenges and Solutions

for Organic Synthesis; Christoffers, J.; Baro, A., Eds.; Wiley-VCH:

Weinheim, 2005. Reviews: (a) Das, J. P.; Marek, 1. Chem. Commun. 2011,
47,4593. (b) Steven, A.; Overman, L. E. Angew. Chem., Int. Ed. 2007, 46,
5488. (c) Douglas, C. J.; Overman, L. E. Proc. Natl. Acad. Sci. U.S.A.
2004, 701, 5363. (d) Denissova, 1.; Barriault, L. Tetrahedron 2003, 59,
10105. (e) Corey, E. J.; Guzman-Perez, A. Angew. Chem., Int. Ed. 1998,
37, 388. (f) Romo, D.; Meyers, A. 1. Tetrahedron 1991, 47, 9503.
(g) Martin, S. F. Tetrahedron 1980, 36, 419. For a recent contribution
and updated list of references, see: (h) Zhang, P.; Le, H.; Kyne, R. E.;
Morken, J. P. J. Am. Chem. Soc. 2011, 133, 9716.

(6) (a) Zhang, A.; RajanBabu, T. V. J. Am. Chem. Soc. 2006, 128,
5620. (b) Smith, C. R.; Zhang, A.; Mans, D. J.; RajanBabu, T. V. Org.
Synth. 2008, 85,248. (c) See Supporting Information for chromatograms
from chiral stationary phase GC separation of 11 and 15. For closely
related reactions using spirophosphoramidites as ligands, see: (d) Shi,
W.-J.; Zhang, Q.; Xie, J.-H.; Zhu, S.-F.; Hou, G.-H.; Zhou, Q.-L. J. Am.
Chem. Soc. 2006, 128, 2780. For recent reviews of asymmetric hydro-
vinylation, see: (e) RajanBabu, T. V. Synlett 2009, 853. (f) RajanBabu,
T. V. Chem. Rev. 2003, 103, 2845. (g) Jolly, P. W.; Wilke, G. In Applied
Homogeneous Catalysis with Organometallic Compounds; Cornils, B.,
Herrmann, W. A., Eds.; VCH: New York, 1996; Vol. 2, pp 1024—1048.
Hydrovinylation is one of the rare reactions where a premetallated
C-nucleophile is not needed for a C—C bond formation. For a review of
other similar reactions, see: (h) Bower, J. F.; Kim, I. S.; Patman, R. L.;
Krische, M. J. Angew. Chem., Int. Ed. 2009, 48, 34. For first use of
phosphoramidites in HV reactions under our reaction conditions, see: (i)
Francid, G.; Faraone, F.; Leitner, W. J. Am. Chem. Soc. 2002, 124, 736.

(7) Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004,
126, 10676.

(8) Smith, C. R.; RajanBabu, T. V. J. Org. Chem. 2009, 74, 4896.

(9) See the Supporting Information for the details of the X-ray
crystallographic analysis of 21 and 27. An ORTEP of 21 and 27 with
more legible atom-numbering is also included there.
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Scheme 2. Synthesis of Pyrrolidinoindolines via Asymmetric
Hydrovinylation

CHe RuCls, NalO,
asym. HV CCly, MeCN, H,O
—_— _—
(71%) (70% 2 steps)
14 15 (99% ee)
MeO

0 0
Mel, K,CO4
acetone CrOgz, AcOH
—_— —_—
(88%) (99%})
0 o)
H,NOH, Py polyphosphoric
EtOH, reflux acid, 110°C
—_— —_—
(89%) (93%)
OH
CO.H
o}
HCI/ACOH, reflux DPPA, EtOH
> QO—»
/ O (96%, crude) reflux
R (73%)
Mel, NaH [ 20R=H
THF —= 21 R =Me
(99%)
NHCO,Et
{ ve
LAH, THF N 1. NBS/DMF
Q— N >
(57%) N\ H 2. Cul, NaOMe
(ref 2r)

(-)-desoxyeseroline

« 11 steps, 21% yield from 2-tetralone

ref 2s, 16b (-)-physostigmine

(-)-esermethole (-)-phenserine

An enantioselective synthesis of pyrrolidinoindolines
starting from the hydrovinylation product 15 is shown in
Scheme 2. This product can be prepared in gram quantities
in enantiomerically pure form from 2-tetralone in two
steps.®® The alkene 15 was oxidized with RuCls/NalO,.®
and the resulting carboxylic acid 16 was protected as a
methyl ester (17). Subsequent benzylic oxidation with
CrOj; gave the ketone 18. Beckman ring expansion of the
corresponding oxime 19 and methylation proceeded in
excellent yield to give a tetrahydroazepinone 21, a highly
crystalline compound, whose structure was unequivocally
established by X-ray crystallography (Figure 2).%°

The high regioselectivity of the successful Beckmann
rearrangement of the oxime 21 can be understood in terms
of the configuration of the corresponding oxime. At room
temperature only one stereoisomer of the oxime, presum-
ably the (E)-form, is seen in both 'H and '*C NMR.
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Figure 2. Solid-state structures of 21 and 27'°.

Predictably, the corresponding Schmidt reaction,'' which
relies on the intermediacy of a hydroxy-azide, where no
such stereochemical constraint is possible, is a much less
selective reaction, giving a mixture of benzazepinones 20
and 28 (eq 1)."?

MeO
o}
polyphosphoric
acid, NaNy
o 40
60°C, 24 h
0 (76%)
18 20 (45%) 28 (31%)

The azepinone 21 undergoes facile acid-induced re-
arrangement to a more stable oxindole carboxylic acid 22
in excellent yield. 3,3-Disubstituted oxindoles have been
used extensively for enantioselective synthesis of pyrroli-
dinoindolines and several other natural products.”®~ -0
Besides, this class of compounds are important in their
own right, and, considerable effort has been expended on
their syththeses.'*'* Curtius rearrangement using diphe-
nylphosphorylazide (DPPA) in the presence of ethanol
gives a urethane 23, which upon reduction with LAH
gives, the natural product (—)-desoxyeseroline.'> This

(10) Initially we resorted to the Beckmann rearrangement of the
oxime 25, which was readily prepared from the hydrovinylation product
15 in two steps. Beckmann rearrangement of the d-alkenyloxime 25 did
not lead to the expected product 26; it presumably underwent a deep-
seated rearrangement to give a benzopyrrolizidine 27 in racemic form as
determined by X-ray crystallography (space group P2(1)/n). See Sup-
porting Information for details of the crystallographic analysis and a
possible mechanism for the formation of this racemic product from a
nearly enantio-pure starting material.

Attempted Beckmann Rearrangement of a 6-Alkenyloxime:

Cros, AcOH TG, J  HoNOH, Py HiC.,
Ac,0 EtOH, reflux
—_—
(44%) (94%)
15 (99% ee) 24 O 25 N
OH
polyphosphoric
acid, 110°C
_—— —_—
(50% in 2 steps) N
[¢]
26 27 (racemic!)

Org. Lett,, Vol. 13, No. 24, 2011



Scheme 3. Synthesis of Benzomorphans from Products of
Asymmetric Hydrovinylation

1. Catecholborane,

—  Rh(l) cat,
MeO 2. Swern Oxdn MeO
0s04, NMO (Shibasaki)
NalO, (ref 3I)
—0 (—)-eptazocine
MeO. (Shiotani)
—— > (+)-aphanorphine
(ref 3j)

30

compound is a key intermediate in the synthesis of a
number of pyrrolidinoindolines including (—)-esermethole.>
Esermethole has been converted into (—)-physostig-
mine”'%® and (—)-phenserine.'

Finally, we anticipate the intermediates such as 11
(Scheme 1) and 15 (Scheme 2), synthesized in two steps
from the corresponding tetralones in nearly enantio-
merically pure form, to have broad applicability in the
synthesis of benzomorphan analogs. For example, the
alkene 11 has been converted into (—)-eptazocine by
Meyers’* using chemistry developed earlier by Shibasaki.*'
Likewise, the aldehyde 29 (previous bezst: 11 steps
from 7-methoxytetralone’®), easily obtained by oxidative
degradation of 11, intercepts the synthesis of aphanor-
phine by Shiotani.*

In conclusion, Ni(II)-catalyzed asymmetric hydroviny-
lations of 1-methylenetetralins provide nearly enantiopure

(11) For arecent review, see: Lang, S.; Murphy, J. A. Chem. Soc. Rev.
2006, 35, 146.

(12) Benzazepinone derivatives are known to be calcium channel
blockers, see: Das, J.; Floyd, D. M.; Kimball, S. D.; Duff, K. J.; Lago,
M. W.; Krapcho., J.; White, R. E.; Ridgewell, R. E.; Obermeier, M. T.;
Moreland, S.; McMullen, D.; Normandin, D.; Hedberg, S. A.; Schaeffer,
T.R. J. Med. Chem. 1992, 35, 2610.

(13) (a) Glorius, F.; Altenhoff, G.; Goddard, R.; Lehmann, C. Chem.
Commun. 2002, 2704. (b) Lee, S.; Hartwig, J. F. J. Org. Chem. 2001, 66,
3402.
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(>98% ee) 1-methyl-1-vinyl-tetrahydronaphthalenes in
moderate to high yield (70—82%). This intermolecular
C—C bond-forming process delivers these valuable inter-
mediates in a significantly fewer number of steps compared
to the more classical routes. Conversion of the terminal
alkene to a carboxylic acid followed by benzylic oxidation
gives 4,4-disubstituted tetralones. Regioselective Beckmann
rearrangement of the corresponding oximes gives 4,4-
dialkyl benzazepinones, which serve as intermediates for
the syntheses of highly valuable 3,3-dialkylated oxi-
ndoles. Use of such oxindoles for the syntheses of pyrroli-
dinoindolines is illustrated. Finally it should be noted
that the chemistry outlined in Scheme 3 should be compa-
tible with a MeO-susbstituent on the aromatic ring, and if so,
specific targets such as (—)-esermethole could be prepared
more directly starting with the HV-product 11 (Scheme 1) in
~ <10 steps from commercially available precursors.
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(14) For additional examples of enantioselective syntheses of of 3,
3-disubstituted oxindoles, see the following references and others cited
therein:(a) Luan, X.; Wu, L.; Drinkel, E.; Mariz, R.; Gatti, M.; Dorta,
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Chem. Soc. 2009, 131, 9900. (f) He, R.; Ding, C.; Maruoka, K. Angew.
Chem., Int. Ed. 2009, 48, 4559. (g) Poulsen, T. B.; Bernardi, L.; Aleman,
J.; Overgaard, J.; Jorgensen, K. A. J. Am. Chem. Soc. 2007, 129, 441.
(h) Corkey, B. K.; Toste, F. D. J. Am. Chem. Soc. 2007, 129, 2764.
(1) Kiindig, E. P.; Seidel, T. M.; Jia, Y.-x.; Bernardinelli, G. Angew.
Chem., Int. Ed. 2007, 46, 8484. (j) Arao, T.; Kondo, K.; Aoyama, T.
Tetrahedron Lett. 2006, 47, 1417. (k) Hills, 1. D.; Fu, G. C. Angew.
Chem., Int. Ed. 2003, 42, 3921.

(15) (a) For a recent synthesis from L-tryptophan, see ref 2p. (b) For
a practical synthesis of molecules in this class, see ref 2n.

(16) (a) Polonovski, M.; Nitzberg, C. Bull. Soc. Chim. Fr. 1916, 19,
33.(b) Yu, Q. S.; Brossi, A. Heterocycles 1988, 27, 745.
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