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ABSTRACT: Highly congested vicinal all-carbon quater-
nary stereocenters were generated via catalytic asymmetric
alkylation reaction of 3-bromooxindoles with 3-substituted
indoles. These catalytic reactions proceeded in excellent
yields with a broad scope on either reaction partner, and
with outstanding diastereo- and enantiocontrol. The newly
developed method led to the total synthesis of
(+)-perophoramidine in a highly efficient manner.

(—=)-Communesins’ and (+)-perophoramidine® are two
architecturally intriguing natural products, which contain a
complex multiring system with two crucial vicinal all-carbon
quaternary stereocenters (Figure 1). To date, a number of
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Figure 1. Structures of communesins and perophoramidine.

elegant protocols for assembling these indole alkaloids have
been developed.>™® In the case of perophoramidine, Funk et
al® and Rainier et al.®® reported the total synthesis of
(#)-(dehalo)perophoramidine. Subsquently, Qin et al.
achieved the asymmetric total synthesis of (+)-perophorami-
dine by a chiral auxiliary-induced strategy.”* However, the
catalytic asymmetric synthesis of (+)-perophoramidine has
never been reported, probably due to the challenge of catalytic
asymmetric construction of the sterically congested vicinal all-
carbon quaternary stereocenters.

In fact, the asymmetric assembly, especially in a catalytic
fashion, of chiral all-carbon quaternary stereogenic centers is
one of the most challenging and dynamic research areas in
modern organic synthesis.” Hence the catalytic asymmetric
construction of two vicinal all-carbon quaternary centers with
high diastereoselectivity and enantioselectivity in one step
remains a truly sterically demanding event.®

Indol-2-ones,” generated from 3-halooxindoles, could be
used as electrophiles in the construction of enantioenriched
3,3-disubstituted oxindoles, in which the enantioselectivity was
controlled by the chiral nucleophile complex (A) induced by
chiral ligand or catalyst.'” We present herein an enantiose-
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lective synthesis of indolenines 4 containing two vicinal all-
carbon quaternary stereocenters, in which it was the electro-
philic indol-2-one that was activated by the chiral Lewis acid
(Scheme 1). The presumed chiral electrophile complex (B) of
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chiral Lewis acid with indol-2-one was characterized by a base
peak at m/z 857.2210 (for details, see the Supporting
Information). By this strategy, the enantioselective total
synthesis of (+)-perophoramidine could be easily achieved.

In our initial experiments, we found that exposure of racemic
bromooxindole 2a to K,CO; and 3-substituted indole 1a in the
absence of a Lewis acid did not result in any formation of
adduct 4a (Table 1, entry 1). After a variety of Lewis acid has
been surveyed, we found that nickel acetate (entry S) could
efficiently facilitate the reaction. Encouraged by this promising
lead, we then examined various complexes of nickel acetate with
chiral diamine ligands 3a—3g. Among them, the 1:1 Ni(OAc),-
3g complex was found to be the most effective catalyst,
delivering the adduct 4a in 87% yield with 86% ee (entry 11)."!
Afterward, screening of bases showed that the use of 2.0 equiv
of K;PO, was an optimum parameter for the reaction. Ultimate
optimization of the reaction conditions revealed that the
addition of S A sieves could result in a slightly enhanced
enantioselectivity of 92% ee (entry 14).

Under the optimized reaction conditions, we investigated the
generalities for both reaction components. The results are

Received: August 12, 2013
Published: September 7, 2013

dx.doi.org/10.1021/ja408336v | J. Am. Chem. Soc. 2013, 135, 14098—-14101


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

Table 1. Optimization of the Reaction”

Scheme 2. Substrate Scopes”

4a: X =H, 94%, 10:1d.r., 92% ee
4b: X = Me, 92%, >20:1 d.r., 86% ee
4c: X =F, 86%, 12:1d.r., 96% ee
4d: X =Cl, 81%, 14:1d.r,, 99% ee

Ni(OAC)2-3g (20 mol %)
KgPO, (2 eq),

THF, 5 A sieves, rt, 5h

4e: X = Me, 93%, 9:1d.r., 85% ee

4f: X = OMe, 94%, >20:1 d.r., 80% ee
4g: X=F, 81%, >20:1 d.r., 96% ee
4h: X = Cl, 83%, >20:1 d.r., 97% ee

Lo
Z =N
N
1a
*0 e cat, base
Br ?" W : H z .
B LN \ THF, it 3 3g: R= 3-OMe-Fh
«-’-‘"-\N/\“:o o
H 2
time yield ee
entry catalyst (20 mol%) base (h) (%)I’ dr® (%)d
1 - K,CO4 48 - - -
2 Cu(OAc), K,CO, 48 trace - -
3 La(OTf), K,CO4 48 - - -
4 NiCl, K,CO;, 48 45 7:1 —
s Ni(OAc);H,0  K,CO, 48 75 91 -
6 Ni(OAc),-3a K,CO,4 48 81 10:1 40
7 Ni(OAc),-3b K,CO; 48 79 10:1 37
8 Ni(OAc),-3c K,CO, 48 81 10:1 68
9 Ni(OAc),-3d K,CO, 48 77 10:1 67
10 Ni(OAc),3e K,CO,4 48 75 101 83
11 Ni(OAc),3g K,CO, 48 87 10:1 86
12 Ni(OAc),3g K,PO, 3 91 101 89
13 Ni(OAc),-3g Cs,CO; 2 88 10:1 83
14 Ni(OAc),3g K,PO, s 94 101 92°

“Unless otherwise specified, the reaction was carried out with 1a (0.11
mmol) and 2a (0.1 mmol) in the presence of catalyst (0.02 mmol) and
solvent (1.0 mL). “Tsolated yield. “Diastereoselectivity determined by
"H NMR analysis. “Determined by chiral HPLC on a Chiralpak AD-H
column. S A sieves were added. Phth = Phthaloyl.

summarized in Scheme 2. In general, the reaction proceeded
well to afford the desired products in high yields and
selectivities. We first investigated the generality of the reaction
by varying the 3-substituted indoles 1. When electron-
withdrawing groups at C4-, C5-, or C6-position of the indoles
1 were employed, the reaction worked well to give the desired
adducts in high yield with excellent enantioselectivity and
diastereoselectivity, whereas the indole with electron-donating
substituents showed slightly decreased enantioselectivity (4b,
4e, 4f). Furthermore, a longer chained indole 1 could
participate in the reaction, although slightly lower ee was
observed (4m). We then examined the scope of the reaction
with respect to the 3-bromooxindoles 2. Substitution of the
bromooxindole core at CS with an electron-donating group (S-
OMe) gave the desired product in high yield with excellent
diastereoselectivity and enantioselectivity (4n). Only moderate
yield and selectivities were observed when the bromooxindole
core with an electron-withdrawing group (5-Br) was used (40).
However, to our delight, the presence of substituents on both
the indole (5-Cl) and bromooxindole (6-Br) moieties was
suitable for the reaction, giving the product 4p with high levels
of stereochemical control, which could be used for the further
asymmetric total synthesis of (+)-perophoramidine.

On the basis of the success of our methods, we started our
catalytic asymmetric total synthesis of (+)-perophoramidine
from 4p. As shown in Scheme 3, the lactam 4p was converted
into the corresponding Ns-imide derivative, which then
underwent a cascade transamidation and closure of the
resulting carbamate sequence upon romoval of the phthaloyl
protecting group to deliver the aminal 7. Chlorination of 7 with
NCS in AcOH, followed by denosylation with PhSH,
uneventfully afforded 9. Next, the nosylation of lactam 9 and

4i: X = Br, 87%, >20:1 d.r., 94% ee

4j: X=F, 73%, >20:1d.r., 95% ee
4k: X =Cl, 76%, 10:1d.r., 96% ee
41: X =Br, 86%, 12:1d.r., 98% ee

4n: X = OMe, 91%, 17:1 d.r., 94% ee
40: X =Br, 45%, 4.1 d.r., 60% ee

4p: 51%, 12:1 d.r., 90% ee

“Reaction for 4p was carried out on a 1 mmol scale.

the second transamidation by the reduction of the azido
functionality, followed by a chemoselective methylation of the
newly generated p-nosylamide, afforded the pentacyclic
compound 12. However, treatment of the pentacyclic
compound with Meerwein’s reagent not only resulted in the
convertion of the amide bond to an imidate bond but also led
to the methylation of the N-11. Consequently, in order to avoid
the excessive methylation, the aminal group was first oxidized
with PCC and subsequently protected with Boc,O to give the
carbamate 1S5. Reduction of the amidine group of 15 with
LiAlH, result in the removal of the Boc protecting group,
providing 16 in moderate yield, whose 'H and "C spectral
characteristics were identical to those previously published.®
Conversion of the amide into the corresponding methyl
imidate with trimethyloxonium tetrafluoroborate then fur-
nished the targeted cyclization precursor 17. As anticipated,
the desired C24 amidine was generated by the attack of the
methylamine on the imidate during the deprotection of
nosylamide 17. Finally, the removal of the Boc and a further
one-pot oxidation of the aminal group furnished the final
(+)-perophoramidine, whose NMR spectroscopic data and
specific rotation are consistent with the reported values.”**

In summary, we have developed a successful strategy for the
construction of indolenines containing two vicinal all-carbon
quaternary stereocenters with high diastereoselectivity and
excellent enantioselectivity by using a nickel(II)-catalyzed
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Scheme 3. Total Synthesis of (+)-Perophoramidine®
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“Ns = 4-nitrobenzenesulfonyl, NCS = N-chlorosuccinimide, PCC =
pyridinium chlorochromate.

asymmetric alkylation reaction of 3-bromooxindoles with 3-
substituted indoles. This methodology facilitated the first
catalytic asymmetric total synthesis of the cytotoxic agent
(+)-perophoramidine. Additional applications of this method-
ology are underway.
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Experimental details, characterization of new compounds, and
NMR and HPLC spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

wangrui@lzu.edu.cn

Author Contributions

"H.Z. and L.H. contributed equally.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge financial support from NSFC
(20932003, 91213302, 21272102, 21202071) and the National
S&T Major Project of China (2012ZX09504001-003).

B REFERENCES

(1) For the isolation of (—)-communesins A—C and E—H and
(+)-communesin D, see: (a) Dalsgaard, P. W.; Blunt, J. W.; Munro, M.
H. G;; Frisvad, J. C.; Christophersen, C. J. Nat. Prod. 2005, 68, 258.
(b) Jadulco, R; Edrada, R. A; Ebel, R; Berg, A,; Schaumann, K;
Wray, V.; Steube, K; Proksch, P. J. Nat. Prod. 2004, 67, 78.
(c) Hayashi, H,; Matsumoto, H.; Akiyama, K. Biosci, Biotechnol,
Biochem. 2004, 68, 753. (d) Numata, A.; Takahashi, C.; Ito, Y,;
Takada, T.; Kawai, K; Usami, Y.; Matsumura, E.; Imachi, M,; Ito, T;
Hasegawa, T. Tetrahedron Lett. 1993, 34, 2355.

(2) Verbitski, S. M.; Mayne, C. L.; Davis, R. A.; Concepcion, G. P.;
Ireland, C. M. J. Org. Chem. 2002, 67, 7124.

(3) (a) Zhang, D.; Song, H.; Qin, Y. Acc. Chem. Res. 2011, 44, 447.
(b) Siengalewicz, P.; Gaich, T.; Mulzer, J. Angew. Chem., Int. Ed. 2008,
47, 8170.

(4) For the development of methods for assembling the core
structure of perophoramidine and communesins, see: (a) Ishida, T.;
Takemoto, Y. Tetrahedron 2013, 69, 4517. (b) Schammel, A.-W.;
Chiou, G.; Garg, N.-K. Org. Lett. 2012, 14, 4556. (c) Wu, H.; Xiao, X;
Qin, Y. Synlett 2011, 7, 907. (d) Seashore-Ludlow, B.; Somfai, P. Org.
Lett. 2010, 12, 3732. (e) Evans, M. A,; Sacher, J. R; Weinreb, S. M.
Tetrahedron 2009, 65, 6712. (f) George, J. H.; Adlington, R. M. Synlett
2008, 4, 2093. (g) Crawley, S.; Funk, R. L. Org. Lett. 2006, 8, 3995.
(h) Seo, J. H;; Artman, G. D.; Weinreb, S. M. J. Org. Chem. 2006, 71,
8891. (i) Yang, J.; Song, H.; Xiao, X;; Wang, J.; Qin, Y. Org. Lett. 2006,
8, 2187. (j) May, J. A; Stoltz, B. M. Tetrahedron 2006, 62, 5262.
(k) Crawley, S.; Funk, R. L. Org. Lett. 2003, S, 3169. (1) Artman, G. D.;
Weinreb, S. M. Org. Lett. 2003, S, 1523. (m) May, J. A; Zeidan, R. K;
Stoltz, B. M. Tetrahedron Lett. 2003, 44, 1203.

(5) For the total synthesis of communesins, see: (a) Belmar, J.; Funk,
R. L. J. Am. Chem. Soc. 2012, 134, 16941. (b) Zuo, Z.; Ma, D. Angew.
Chem,, Int. Ed. 2011, 50, 12008. (c) Liu, P.; Seo, J. H.; Weinreb, S. M.
Angew. Chem., Int. Ed. 2010, 49, 2000. (d) Zuo, Z. W.; Xie, W. Q.; Ma,
D. W. J. Am. Chem. Soc. 2010, 132, 13226. (e) Yang, J; Wu, H. X;;
Shen, L. Q; Qin, Y. J. Am. Chem. Soc. 2007, 129, 13794.

(6) For the total synthesis of (dehalo)perophoramidine, see: (a) Wu,
H. X,; Xue, F; Xiao, X;; Qin, Y. J. Am. Chem. Soc. 2010, 132, 14052.
(b) Sabahi, A.; Novikov, A.; Rainier, J. D. Angew. Chem., Int. Ed. 2006,
45, 4317. (c) Fuchs, J. R;; Funk, R. L. J. Am. Chem. Soc. 2004, 126,
5068.

(7) For excellent reviews on the catalytic asymmetric construction of
all-carbon quaternary centers, see: (a) Das, J. P.; Marek, L. Chem.
Commun. 2011, 47, 4593. (b) Shimizu, M. Angew. Chem., Int. Ed. 2011,
50, 5998. (c) Wang, B,; Tu, Y. Q. Acc. Chem. Res. 2011, 44, 1207.
(d) Hawner, C; Alexakis, A. Chem. Commun. 2010, 46, 7295.
(e) Jautze, S.; Peters, R. Synthesis 2010, 36S. (f) Bella, M.; Gasperi, T.
Synthesis 2009, 1583. (g) Cozzi, P. G.; Hilgraf, R;; Zimmermann, N.
Eur. ]. Org. Chem. 2007, 72, 5969. (h) Mohr, J. T.; Stoltz, B. M. Chem.
Asian J. 2007, 2, 1476. (i) Trost, B. M; Jiang, C. Synthesis 2006, 369.
() Quaternary Stereocenters: Challenges and Solutions for Organic
Synthesis Christoffers, J., Baro, A., Eds.; Wiley-VCH: Weinheim, 2005.
(k) Douglas, C. J.; Overman, L. E. Proc. Natl. Acad. Sci. US.A. 2004,
101, 5363. (1) Denissova, L; Barriault, L. Tetrahedron 2003, 59, 10105.
(m) Christoffers, J.; Mann, A. Angew. Chem., Int. Ed. 2001, 40, 4591.
(n) Corey, E. J.; Guzman-Perez, A. Angew. Chem., Int. Ed. 1998, 37,
388. (o) Fuji, K. Chem. Rev. 1993, 93, 2037.

(8) (a) Trost, B. M.; Osipov, M. Angew. Chem,, Int. Ed. 2013, 52,
9176. (b) Du, C; Li, L; Li, Y.; Xie, Z. Angew. Chem., Int. Ed. 2009, 48,
7853. (c) Peterson, E. A,; Overman, L. E. Proc. Natl. Acad. Sci. US.A.
2004, 101, 11943. (d) Corey, E. J.; Lin, S. J. Am. Chem. Soc. 1996, 118,
8765.

(9) (a) Fuchs, J. R; Funk, R. L. Org. Lett. 2008, 7, 677. (b) Hinman,
R. L; Bauman, C. P. J. Org. Chem. 1964, 29, 2431.

dx.doi.org/10.1021/ja408336v | J. Am. Chem. Soc. 2013, 135, 14098—14101


http://pubs.acs.org
mailto:wangrui@lzu.edu.cn

Journal of the American Chemical Society

(10) (a) Zuo, J; Liao, Y.-H; Zhang, X.; Yuan, W.-C. J. Org. Chem.
2012, 77, 11325. (b) Liao, Y.-H.; Wy, Z.-].; Han, W.-Y.; Zhang, X.-M;
Yuan, W.-C. Chem.—Eur. ]. 2012, 18, 8916. (c) Ma, S.; Han, X;
Krishnan, S.; Virgil, S. C.; Stoltz, B. M. Angew. Chem., Int. Ed. 2009, 48,
8037.

(11) For selected examples of utilization of the benzylated
diaminocyclohexane—Ni(OAc), catalyst system in the asymmetric
reaction, see: (a) Li, W,; Liu, X;; Mao, Z.; Chen, Q,; Wang, R. Org.
Biomol. Chem. 2012, 10, 4767. (b) Wilckens, K.; Duhs, M.-A.; Lentz,
D.; Czekelius, C. Eur. J. Org. Chem. 2011, 76, 5441. (c) Deng, Q.-H,;
Wadepohl, H.;; Gade, L. H. Chem.—Eur. ]J. 2011, 17, 14922.
(d) Nakamura, A,; Lectard, S.; Hashizume, D.; Hamashima, Y,;
Sodeoka, M. J. Am. Chem. Soc. 2010, 132, 4036.

14101 dx.doi.org/10.1021/ja408336v | J. Am. Chem. Soc. 2013, 135, 14098—14101



