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An expedient diastereoselective synthesis of highly functionalized indolo[2,3-a]quinolizidines adopting a cis H2/H12b geometry has been
realized by a Pictet—Spengler/lactamization cascade sequence. The absolute stereochemistry at C2, C3, and C12b was governed by the
originally created chirality of the Michael adduct through organocatalyzed conjugate addition of dialkyl malonates to o.-unsaturated aldehydes.

The indolo[2,3-a]quinolizidine ring system is of great interest
and significance since this structural subunit is found in
numerous natural alkaloids. The stereochemical diversity and
structural complexity of such natural products have rendered
them interesting synthetic targets."

Conventionally, optically pure indoloquinolizidines are
prepared from the chiral pool.> However, this strategy often

requires multistep functional group transformations and
laborious protecting group operations. Therefore, more
efficient diastereoselective methods to access these com-
pounds would be highly desired. In addition, although
numerous asymmetric catalytic syntheses of indoloquino-
lizidines have been developed recently,* relatively few
utilized a cascade strategy.*
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Recently, we and Franzén et al. reported an efficient
synthesis of highly functionalized indoloquinolizidines by
organocatalyzed® enantioselective cascade reactions between
a.B-unsaturated aldehydes and active methylene compounds.®
Good to excellent yields and excellent enantioselectivities
have been achieved. The relative stereochemistry of the major
isomers was revealed to be a frans H2/HI12b geometry
(Scheme 1).4 Among the challenges to be addressed in the

Scheme 1. Organocatalyzed Asymmetric Syntheses of Highly
Substituted Indoloquinolizidines
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syntheses of natural alkaloids containing indoloquinolizidine
motifs is the control of C2 and C12b chirality, which usually
prefers the cis H2/H12b diastereomer.'* Herein we describe
a new development of our work leading to indolo[2,3-0]-
quinolizidines with cis H2/H12b conformation. This method
employs an efficient cascade reaction of two components:
tryptamines 6 and conjugate adducts 7. Aldehydes 7 were
obtained from an asymmetric organocatalyzed Michael
addition of dialkyl malonates to o,(-unsaturated aldehydes
(Figure 1).%

Our proposed cascade is shown in Figure 1. The acid-
promoted Pictet—Spengler reaction of tryptamine 6 and alde-
hyde 7 leads to the amine intermediate 8 as a mixture of
diastereomers,” which undergoes lactamization to afford mul-
tiring compound 3 and/or 9. Undoubtedly, the chiral-labile
stereocenter C3 should adopt the thermodynamically stable trans
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Figure 1. Concept of the Pictet—Spengler/lactamization cascade.

configuration with respect to C2 in the O-lactam ring.**®

Although numerous examples of substrate control of C12b
chirality have been reported,”® to our knowledge using 7
or similar substrates as the source of chirality has yet to be
reported.

To test the feasibility of this cascade, a model reaction
between tryptamine 6a and conjugate adduct 7a was examined
under a broad set of conditions (Table 1). A careful screen of

Table 1. Screen of Reaction Conditions”

0] Ph
J/CHO+ <COZMe catalyst bc\ozwue f\ i “
Ph CO,Me EtOH,0°C Y CO:Me "N OTMS
1a 10a Ph catalyst
7a
o]
| \ L/k oMe _acid N LJ=COMe (2
N CO,Me solvent N H 1
H H H Ph
6a 7a 9a
entry acid solvent [7a], mM yield %° ee %°
1 PhCO.H toluene 60 23 93
2 AcOH toluene 60 34 96
3 TFA toluene 60 53 97
4 4-N02-C(5H4002H toluene 60 48 95
5 3,5-(N02)206H3002H toluene 60 39 95
6 TfOH toluene 60 37 91
7 TsOH toluene 60 29 90
8 HCI toluene 60 33 93
9 TFA toluene 20 68 97
10 TFA toluene 10 81 97
11 TFA DCM 10 90 98
12 TFA CHCI3 10 62 98
13 TFA THF 10 68 96
14 TFA DMSO 10 - -
15 TFA DMF 10 - -
16 TFA EtOH 10 - -
177 TFA DCM 10 - -

¢ General conditions of reaction 1: 1a (1.5 equiv), 10a (1 equiv), and
catalyst (0.1 equiv) in EtOH (0.2 M) at 0 °C for 48 h. General conditions
of reaction 2: crude 7a (1 equiv), 6a (1.5 equiv), and acid (1 equiv) at 50
°C. ”Yield referred to isolated pure product. © Enantiomeric excess was
determined by chiral HPLC analysis. ¢ Reaction run at 20 °C.

acids (entries 1—8) revealed that TFA afforded the product in
a moderate yield (entry 3). Although the enantiomeric excess
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of the product was somewhat independent of the acid chosen,
acids other than TFA led to lower yields. To our delight, the
yields were substantially improved by lowering the substrate
concentration to 10 mM in toluene (entry 10).° A brief screen
of solvents revealed that the reaction was quite solvent depend-
ent. DCM proved to be the best (entry 11).

Chloroform and THF provided the product with good
yield, albeit inferior to DCM (entries 12 and 13). In more
polar solvents, such as DMSO, DMF, and EtOH, no or trace
formation of the product was detected (entries 14—16). No
product was observed when the temperature was lowered to
20 °C (entry 17).

The cis H2/H12b configuration was determined by com-
parison of the '"H NMR spectrum of 9a with the previous
work of Franzén et al.*® To our pleasure, no trans diaste-
reoisomer was observed; this was confirmed by HPLC and
TLC tests of the product 9a with a trans sample obtained
by Franzén’s method.

After the optimized reaction conditions were obtained
(entry 11, Table 1), the scope of this cascade reaction was
next examined. We first investigated the one-pot cascade
sequence employing tryptamine 6a and aldehydes 7b—1
obtained from asymmetric conjugate addition of dimethyl
malonate 10a to the corresponding o.,3-unsaturated aldehydes
1b—1. As shown in Table 2, the cascade reaction proceeded

Table 2. Cascade Reaction of Tryptamine 6a and Aldehydes 7b—1*

o 9]
NH, ~%  co,Me N
A . TFA N CO;Me
N Y~ COMe pcm N H

H R H HR
6a 7 9

entry R 7 9 yield %° ee %°
1 4-Br-CgH, 7b 9b 64 97
2 4-F-CgHy Tc 9¢ 85 98
3 2,4-(Cl),-CgHs 7d 9d 67 98
4 4-Me-CgH, Te 9e 73 97
5 2-MeO-CegH, 7f 9f 85 95
6 4-MeO-CegHy g 9g 72 96
7 2-Br-CcH/ICH=CH 7h 9h 43 98
8 4-F-C¢H,CH=CH 7i 9i 54 92
9 Me 7j 9j 42 88
10 Et 7k 9k 41 93
11 n-Pr 71 91 41 93

“ See footnote a in Table 1. ” Yield referred to isolated pure product.
“ Enantiomeric excess was determined by chiral HPLC analysis.

well for aromatic-substituted aldehydes 7b—g bearing electron-
donating or electron-withdrawing substituents on the aryl
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3661. (b) Allin, S. M.; Thomas, C. I.; Doyle, K.; Elsegood, M. R. J. J.
(iideniligid. 2005, 70, 357. (c) Allin, S. M.; Thomas, C. L; Allard, J. E.;
Doyle, K.; Elsegood, M. R. J. . 2005, 4179. (d) Allin,
S. M.; Duffy, L. J.; Page, P. C. B.; McKee, V.; Edgar, M.; McKenzie,
M. J.; Amat, M.; Bassas, O.; Santos, M. M. M.; Bosch, J. fsiickesios
Letr. 2006, 47, 5713. (e) Amat, M.; Santos, M. M. M.; Gémez, A. M.;
Jokic, D.; Molins, E.; Bosch, J. Qigeslegts 2007, 9, 2907.
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ring, providing the products in good yields and excellent
enantioselectivities as single diastereoisomers (entries 1—06).
Styrenyl-substituted aldehydes 7h-i and aliphatic-substituted
aldehydes 7j—1 also gave only one diastereomer and excellent
enantioselectivities (entries 7—11); however, the yields of
products 9h—1 were much lower than those of the aromatic
analogues.

To further illustrate the power of this diastereoselective
cascade reaction, the substituted tryptamines 6b—c and
conjugate adducts 7m—p arising from diethyl malonate and
dibenzyl malonate were also examined. The results are listed
in Table 3. Except in the case of entry 7, all of the substrates

Table 3. Further Expansion of Substrate Scope

R NH, Ox 3
H CO,R? DCM N H

s R
entry R 6 R? R? 7 9 yield % ee %
1 Br, 6b CeHs, Me 7a 9m 86 99
2 Br, 6b 4-Br-C¢Hy, Me 7b 9n 62 96
3 Br, 6b 4-F-C¢Hy, Me 7c 9o 79 99
4  MeO, 6¢ CgHs, Me 7a 9 75 98
5 MeO, 6¢ 4-F-CgH,, Me 7c 9q 78 98
6 H6a CeHs, Et 7m 9r 52 98
7 Br, 6b CeHs, Et Tm 9s 27 99
8 H, 6a 4-Br-C¢Hy, Et n 9t 65 77
9 H, 6a 2-Br-CéH,CH=CH, Et 70 9u 42 87
10 H, 6a C¢Hs, Bn P 9v 52 97

employed afforded the products in moderate to good yields.
Conjugate adducts arising from diethyl malonate or dibenzyl
malonate generally led to lower yields as compared to those
from dimethyl malonate (entries 1—5 vs entries 6—10).

The collective results shown above (Tables 2 and 3) indicated
that this cascade sequence could tolerate a broad spectrum of
substrates. On the basis of the fact that cis H2/H12b relative
configuration and highly substituted indolo[2,3-0]quinolizidine
diastereoisomer were obtained, this method should be useful
in both library syntheses and total syntheses alike.

The relative configuration of the cyclized product 9h was
unambiguously determined to be 25, 3S, and 12bR by single-
crystal X-ray diffraction analysis (Figure 2). The stereo-
chemistry at C2 of 9h originated from 7h by asymmetric
conjugate addition of dimethyl malonate to unsaturated
aldehyde 1h catalyzed by (S)-prolinol TMS ether. The
selective formation of C3 and C12b stereochemistry was
induced by C2 chirality during the lactamization procedure.

The excellent diastereoselectivities in all of the cascade
reactions are notable and deserve further comment.'® Tt is
well documented that the stereogenic center formed in the

(9) For examples of asymmetric Pictect—Spengler cyclization in low
substrate concentration, see: ref 3e and ref 3i.
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Figure 2. X-ray structure of 9h.

Pictet—Spengler reaction is subject to epimerization.'' No
epimerization was observed when pure 9a or the C12 epimer
of 9a was treated with TFA at 50 °C in DCM.'? It is plausible
that the diastereoselectivity of the overall cascade reaction
is determined by the differential rates of lactamization of
intermediate 8a and 8a” (Figure 3). The exclusive formation
of 9a was reasonable since far less steric interaction presents
in TS1 with all the substituents around the newly formed
lactam ring adopting equatorial placement. This result is in
accordance with the observed product structure. TS2 and TS3
are disfavored due to the presence of significant steric
interaction.

In summary, we have developed an operationally simple
diastereoselective cascade sequence for the preparation of

(10) The relative configuration of 9g and 9r was also confirmed by
comparison of "H NMR spectra with known compounds reported in ref 4b.
The stereochemistry of other products was assigned by analogy.
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Deng, L.; Bennett, D. W.; Cook, J. M. jnitusisas. 1997, 62, 44. (b)
Jiang, W. Q.; Sui, Z. H.; Chen., X. . 2002, 43, 8941. (c)
Han, D. M.; Forsterling, F. H.; Deschamps, J. R.; Parrish, D.; Liu, X. X.;
Yin, W. Y.; Huang, S. M.; Cook, J. M. L2007, 70, 75. (d) Shi,
X. X.; Liu, S. L.; Xu, W.; Xu, Y. L. 2008, 719,
435. (e) Van Linn, M. L.; Cook, J. M. jaitusmisiess 2010, 75, 3587.

(12) Tt is reported that harsh conditions (refluxing in TFA) were required
to epimerize C12b chirality of 9a: (a) Lounasmaa, M.; Berner, M.; Brunner,
M.; Suomalainen, H.; Tolvanen, A. gsiiishssiag 1998, 54, 10205. (b) Also
see ref 4b.
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Figure 3. Proposed transition states in lactamization.

indolo[2,3-a]quinolizidines. The highly functionalized prod-
ucts were obtained as single diastereomers from a broad
spectrum of readily available reagents in moderate to good
yields and good to excellent enantioselectivities. The H2/
H12b relative configuration of the products was determined
to be cis, which is commonly adopted by a number of natural
alkaloids. Further investigation to extend the applicability
of this reaction to a broader range of substrates and apply
this method in total syntheses of natural alkaloids is currently
underway in our laboratory.
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