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Catalytic Asymmetric Formal [343] Cycloaddition of an
Azomethine Ylide with 3-Indolylmethanol: Enantioselective
Construction of a Six-Membered Piperidine Framework

Feng Shi,* Ren-Yi Zhu, Wei Dai, Cong-Shuai Wang, and Shu-Jiang Tu*®

/Abstract: A catalytic asymmetric formal [3+43] cycloaddition
of 3-indolylmethanol and an in situ-generated azomethine
ylide has been established to construct a chiral six-mem-
bered piperidine framework with two stereogenic centers.
This approach not only represents the first enantioselective
cycloaddition of isatin-derived 3-indolylmethanol, but also
has realized an unusual enantioselective formal [3+3] cyclo-
addition of azomethine ylide rather than its common [3+2]
cycloadditions. Besides, this protocol combines the merits of
a multicomponent reaction and organocatalysis, which effi-

ciently assembles a variety of isatin-derived 3-indolylmetha-
nols, aldehydes, and amino esters into structurally diverse
spiro[indoline-3,4"-pyridoindoles] with one all-carbon quater-
nary stereogenic center in high yields and excellent enantio-
selectivities (up to 93% yield, >99% enantiomeric excess
(ee)). Although the diastereoselectivity of the reaction is gen-
erally moderate, most of the diastereomers can be separated
by using column chromatography followed by preparative
TLC.

)
Introduction
R4
EWG ,
The enantioselective 1,3-dipolar cycloaddition (1,3-DC) of azo- RO—ZZEWG 1f§<§02R3 Many enantioselective (1)
methine ylides to dipolarophiles has proven to be a powerful RN versions are available

tool to synthesize chiral nitrogenous heterocycles.!" As a result,
catalytic asymmetric azomethine ylide-involved 1,3-DCs have
achieved elegant developments.>*! However, in most of these
cycloadditions, electron-deficient olefins® or alkynes® were
employed as dipolarophiles to react with azomethine ylides
through a [342] reaction mode, which always delivered five-
membered heterocycles such as pyrrolidines [Eq. (1)]. In sharp
contrast, the enantioselective construction of six-membered
heterocycles through azomethine ylide-involved cycloadditions
has met with little success [Eq. (2)].

Recently, the two groups of Waldmann® and Wang® inde-
pendently discovered the catalytic asymmetric [6+3] cycload-
ditions of azomethine ylides with fulvenes to provide stereose-
lective piperidine derivatives [Eq. (3)]. During the preparation
of this manuscript, Wang, Guo et al., also reported a chiral Cu*
complex catalyzed cross-1,3-DC between pyrazolidinium ylides
and azomethine ylides to give stereoselective 1,2,4-triazinane
frameworks [Eq. (4)1.) In spite of these creative works, the cat-
alytic asymmetric azomethine ylide-involved cycloadditions
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leading to enantioenriched six-membered heterocyclic archi-
tectures are still underdeveloped and thus highly desirable be-
cause of the importance of chiral six-membered heterocycles.

3-Indolylmethanols have recently been recognized as a type
of active reaction components for their characteristic of being
easily transformed into vinyliminium or carbocation intermedi-
ates in the presence of a Lewis or Brgnsted acid (LA or BH),"”
which are resonance structures of a delocalized cation. Howev-

Previous approaches using azomethine ylide in the
synthesis of six-membered heterocycles:
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er, previous reports were focused on nucleophilic substitutions
of 3-indolylmethanols [Eq. (5)],” and hardly any cycloadditions
of 3-indolylmethanols have been found in the literature, not to
mention their enantioselective transformations [Eq. (6)].”) Thus,
the 3-indolylmethanol-involved cycloaddition, in particular, its
enantioselective transformation has become a formidable chal-
lenge.
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ed by chiral phosphoric acid to undergo enantioselective

formal [343] cycloadditions, leading to the formation of six-

membered piperidine framework and the production of the

spiro[indoline-3,4"-pyridoindole] skeleton with multiple stereo-
genic centers.

In this work, we present the first catalytic asymmetric formal

[343] cycloadditions of isatin-derived 3-indolylmethanols and

in  situ-generated azomethine

ylide, which directly assembles

isatin-derived  3-indolylmetha-

nols, aldehydes, and amino

esters into chiral spiro[indoline-
Some ) (5) 3,4"-pyridoindoles] with two ste-
enantioselective N . .
reactions are reogenic centers including one
available

all-carbon quaternary center in
high yields and excellent enan-
tioselectivities (up to 93 % vyield,

Nearly no . .
>99% enantiomeric excess (ee)).

enantioselective
reactions are
available

(6)

cycloadditions

Considering this challenge and the great demand for azome-
thine ylide-involved cycloadditions leading to six-membered
heterocycles, we wondered whether isatin-derived 3-indolyl-
methanols could be employed as dipolarophiles to undergo
catalytic asymmetric formal [3+43] cycloadditions with azome-
thine ylides in the presence of a chiral catalyst, thereby afford-
ing stereoselective spirofindoline-3,4’-pyridoindoles], in which
a six-membered piperidine framework would be constructed
with one all-carbon quaternary stereogenic center [Eq. (7)].

Our research plan: catalytic asymmetric formal [3+3]
cycloadditions of 3-indolylmethanols with azomethine

Cat.*

Constructing piperidine
framework with an all-carbon
quaternary center

On the other hand, our targeted formal [3+3] cycloaddition
products, that is, spiro[indoline-3,4’-pyridoindoles], contain two
scaffolds of tetrahydropyridoindole and spiro[indoline-piperi-
dine], which exist in a variety of natural products"® and phar-
maceuticals”’ with significant bioactivities such as being
MDM2-p53 inhibitors™® and sodium channel blockers!"!
(Figure 1), thereby holding great synthetic importance.

We have recently realized a series of chiral phosphoric acid-
catalyzed cycloadditions"? for the synthesis of enantioenriched
heterocycles." Inspired by this success and the fact that there
have been few reports either on enantioselective cycloaddi-
tions of 3-indolylmethanols or on [34-3] cycloadditions of azo-
methine ylides, we envisioned that isatin-derived 3-indolylme-
thanols and azomethine ylides could be simultaneously activat-
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Figure 1. Selected natural products and bioactive compounds containing
the core structures of spiro[indoline-3,4"-pyridoindoles]

Results and Discussion

The initial attempt to validate our hypothesis commenced with
a three-component reaction of N-benzyl isatin-derived 3-indo-
lylmethanol 1a, 4-nitrobenzaldehyde 2a, and diethyl 2-amino-
malonate 3a in the presence of 10 mol% of chiral phosphoric
acid (CPA) 4a in toluene at 30°C (Table 1, entry 1), which
smoothly proceeded through the designed formal [3+3]
reaction mode although the yield and the stereoselectivity is
moderate.

The screening of catalysts revealed that CPA 4f with the
bulky 9-phenanthrenyl group at the 3,3'-positions of the BINOL
backbone exhibited higher catalytic activity than the others
with regard to enantioselective control (Table 1, entry 6 vs. 1-
5), delivering chiral spiro[indoline-3,4'-pyridoindole] 5aaa with
quaternary stereogenic center in 85% ee. The subsequent eval-
uation on solvents in the presence of CPA 4f disclosed that
chlorine-containing alkanes were superior to toluene in terms
of enantioselectivity and reactivity (Table 1, entries 7-10 vs.
entry 6). Among them, 1,2-dichloroethane (DCE) delivered the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. The screening of catalysts and solvents.”
4a,G = 4-CICgH,

CY,
O, 0  4b, G=246-(Pr);CsH>

o \OH 4c, G = 2-naphthyl

OO 4d, G = 1-naphthyl
G

4e, G = 9-anthracenyl

[a] Unless indicated otherwise, the reaction was carried out in 0.1 mmol scale in sol-
vent (1.5 mL) with 3 A MS (100 mg) for 24 h, and the ratio of 1a/2a/3a was 1.5:1.2:1.
[b] Isolated total yields of two diastereomers. [c] The diastereomeric ratio (d.r.) was de-
termined by HPLC. [d] The ee value refers to the major diastereomer 5aaa and was
determined by HPLC. [e] The yield in parentheses refers to that of the major diastereo-
mer 5aaa. [f] The ee value in parentheses refers to another diastereomer 5aaa’. [g] No
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(Table 2, entries 7-11). However, increasing or de-
creasing the stoichiometry of 3-indolylmethanol 1a
had no obvious effect on the reaction (Table 2, en-
tries 7-9), and using an excess of 2a and 3a at the
same time did not benefit the reaction with regard

4f, G = 9-phenanthrenyl Bn to stereoselectivity (entries 10 and 11). So, the reac-
CHO A tion conditions as shown in Table 2, entry 1 were fi-
H+ © . N O Sg;Ef nally selected as the most suitable one for its perfor-
COLEt solvent, 3A MS mance in delivering high yields and excellent
NO, enantioselectivity.

2 % To provide a variety of chiral spiro[indoline-3,4'-pyr-
5aaa  NO, idoindoles] with structural diversity, we then carried
out the study on the substrate scope of the formal
Entry 4 Solvent ;i/e]'[g drt [e; " [3+3] cycloaddition. First, the applicability of the re-
- : action for various N-substituted isatin-derived 3-indo-
! 4a toluene 57 (29)° >0:50 56(41)" lylmethanols 1 was examined. As shown in Table 3,

2 4b toluene 74 (37) 50:50 68(29) . . .
3 4c toluene 58 (39)° 67:33 45 this protocol is amenable to a series of N-benzyl
4 4d toluene 85 (58) 68:32 80 isatin-derived 3-indolylmethanols 1a-h with electron-
5 4e toluene 79 (62)" 78:22 69 donating or -withdrawing substituents linked to the
3 :: tcogug;‘e gz g?;i Z;Zi 2? benzyl group (Table 3, entries 1-8), offering the de-
8 af CHZQ; 83 (46) 64 83 sired spiro-products in high yields (67-93 %) and with
9 4f ccl, 70 (45)€ 64:36 87 excellent enantioselectivities (97->99% ee). General-
1?{91 :: TDSFE 85 (54)" 63:37 98 ly speaking, 3-indolylmethanols 1 with electronically
129 af CH.CN _ ~ ~ rich substituents on the benzyl moiety exhibited

better reactivity and enantioselectivity than those
with electronically poor substituents (Table 3, en-
tries 2-5 vs. 6-8), and 1c with a para-methyl (pMe)
group delivered the highest enantioselectivity of
>99% ee (entry 3). It seemed that the position of the
methyl group exerted some effect on the enantiose-

desired reaction occurred.

product 5aaa in high yield of 85% and excellent
enantioselectivity of 98% ee, albeit with a moderate
diastereomeric ratio (d.r.) of 63:37 (Table 1, entry 10).
However, using tetrahydrofuran (THF) and acetonitrile
as the reaction media failed to facilitate the formal
[3+43] cycloaddition, which just gave the azomethine
ylide generated from the condensation of 2a and 3a
(Table 1, entries 11 and 12). Thus, DCE was chosen as
the solvent of choice for further investigation.

The further optimization of reaction conditions
was concentrated on changing other reaction para-
meters such as additives, temperature, and the ratio
of the reagents to improve the diastereoselectivity of
the reaction without the sacrifice of the enantioselec-
tivity and the yield (Table 2). The screening of the
molecular sieves (MS) found that no other MS was
better than 3A MS (Table 2, entries2 and 3 vs.
entry 1). Raising or lowering the reaction temperature
could hardly improve the diastereoselectivity (Table 2,
entries 4-6 vs. entry 1), and the yield was decreased
dramatically at 0°C (entry 6). At last, the ratio of
the reagents was carefully tuned, which included
a change in the stoichiometry of both 3-indolylme-
thanol and the in situ-generated azomethine ylide

Chem. Eur. J. 2014, 20, 2597 - 2604 www.chemeurj.org

Table 2. Further optimization of the reaction conditions.”

CHO

CO,Et 10 mol% 4f, T °C
+ HoN B
COEt DCE, MS
NO,
2a 3a
S5aaa NO,
Entry 1a/2a/3a MS T Yield d.r ee
[:C] [%][b] [%][d]

1 1.5:1.2:1 3A 30 85 (54) 63:37 98
2 1.5:1.2:1 4A 30 68 (41) 60:40 97
3 1.5:1.2:1 5A 30 29 (18) 62:38 92
4 1.5:1.2:1 3R 45 79 (47) 60:40 97
5 1.5:1.2:1 3R 15 70 (44)® 63:37 97
6 1.5:1.2:1 3A 0 27 (17) 64:36 97
7 2:1.2:1 3R 30 88 (51) 58:42 98
8 3:1.2:1 3A 30 89 (52)® 58:42 96
9 1:1.2:1 3A 30 76 (48)" 63:37 97
10 1:24:2 3R 30 94 (56) 60:40 97
n 1:3.6:3 3A 30 83 (48) 58:42 97
[a] Unless indicated otherwise, the reaction was carried out on a 0.1 mmol scale cata-
lyzed by 10 mol% 4f in DCE (1.5 mL) with MS (100 mg) for 24 h. [b] Isolated total
yields of two diastereomers. [c] Determined by HPLC. [d] The ee value refers to the
major diastereomer 5aaa and was determined by HPLC. [e] The yield in parentheses
refers to that of the major diastereomer 5 aaa.

2599 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
et Europe

Table 3. The applicability of the reaction for various N-substituted isatin-derived 3-in-
dolylmethanols 1.

R
N
CHO
CO,Et
CO,Et 10 mol% 4f, 30 °C COLEt
+ N~ ——————
CO.Et  DCE, 3A MS
NO,
1 2a 3a
5 No,
Entry 5 R Yield d.rl@ ee
[%][b] [%][d]
1 5aaa C¢HsCH, (1a) 85 (54)° 63:37 98
2 5baa p-tBuC¢H,CH, (1b) 93 (60) 64:36 98
3 5caa p-MeC¢H,CH, (1¢) 79 (49)® 62:38 >99
4 5daa m-MeC¢H,CH, (1d) 76 (46)* 60:40 98
5 5eaa 0-MeC¢H,CH, (1e) 80 (50) 62:38 98
6 5 faa p-FCH,CH, (1) 70 (43)" 62:38 97
7 5gaa p-BrC4H,CH, (1g) 67 (40)® 60:40 97
8 5haa m-CIC¢H,CH, (1h) 81 (50) 62:38 98
9 Siaa Ph (1)) 58 (34)" 58:42 89
10 5jaa Me (1j) 83 (42)¢ 50:50 95 (54')

[a] Unless indicated otherwise, the reaction was carried out in 0.1 mmol scale cata-
lyzed by 10 mol% 4 f in DCE (1.5 mL) with 3 A MS (100 mg) for 24 h, and the ratio of
1/2a/3a was 1.5:1.2:1. [b] Isolated total yields of two diastereomers. [c] Determined
by 'H NMR spectroscopy except for 5aaa. [d] The ee value refers to the major diaste-
reomer 5 and was determined by HPLC. [e] The yield in parentheses refers to that of
the major diastereomer 5. [f] The ee value in parentheses refers to another diastereo-

mer 5'.

lectivity, because pMe-substituted 3-indolylmethanols
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product 5maa in perfect enantioselectivity of >99%
(Table 4, entry 3). However, in the case of the indole
core, the position of the substituents exerted an op-
posite effect on the stereoselectivity. Namely, C5'-sub-
stituted 3-indolylmethanols were superior to C6'- and
C7’-substituted ones with regard to stereoselectivity
(Table 4, entries 10 and 11 vs. 8 and 9), whereas C6'-
substituted 3-indolylmethanol delivered higher enan-
tioselectivity than the C7’-substituted one (Table 4,
entry 9 vs. 8).

Finally, the substrate scope with respect to aromat-
ic aldehydes 2 was explored by the reactions with 3-
indolylmethanol 1a and amino ester 3a under the
optimized reaction conditions. As indicated in
Table 5, various aromatic aldehydes 2 substituted
with electron-poor, -neutral, or -rich groups were em-
ployed to the reaction, which formed a variety of
azomethine ylides in situ to participate in the desired
formal [3+3] cycloadditions, giving chiral spiro[indo-
line-3,4"-pyridoindoles] 5 with structural diversity in
high yields (73-89%). However, it is evident that the
electronic nature of aldehydes imposed some impact
on the stereoselectivity of the reaction. Indeed, aro-
matic aldehydes substituted with electron-withdraw-
ing groups delivered higher enantioselectivities (80
to >99% ee) than those substituted with electron-
donating or neutral groups, whereas the latter
offered better diastereoselectivities (90:10 to

1c offered a higher ee value than its ortho- and
meta-methyl-substituted counterparts (Table 3,
entry 3 vs. 4 and 5). In addition, N-aryl- and N-alkyl

Table 4. The generality of the reaction for various 3-indolylmethanols 1 bearing differ-
ent substituents at the phenyl rings.”!

6 R

isatin-derived 3-indolylmethanols as exemplified by =
1i and 1j could also be utilized to the cycloaddition CHO RA=
to generate the corresponding spiro-products, but _<002Et 10 mol% 4f, 30 °C

. .. - + HoN —_—
with decrez?\sed reactivity and stereoselectivity COEt DCE. 3AMS
(Table 3, entries 9 and 10). NO,

Next, we investigated the generality of the reaction 1 2a 3a
for N-benzyl isatin-derived 3-indolylmethanols 1 bear-
ing different substituents at the phenyl rings of both Entry 5 RVR? Yield drld ce
isatin and indole skeletons. As illustrated in Table 4, [%]™® (%]
this approach is applicable to a wide scope of 3-indo- 1 5kaa 7-EH (1K) 79 (56)® 71:29 97
lylmethanols with various substituents at different 2 5laa 7-Br/H (11) 42 31)@ 74:26 9%
position of the two phenyl rings, offering structurally | 3 5maa 7-CHy/H (1m) 71 (48) 67:33 >99

. . . , C . . " el .
diverse spiro[indoline-3,4-pyridoindoles] in moderate | 4 Snaa 6-ClI/H (1n) >4 (33)” 62:38 o8

hiah vields of 42-90% and with dt lent | 3 50aa 6-Br/H (10) 90 (59)* 66:34 98
to high yields of 42-90% and with good to excellen 6 5paa 5-CI/H (1p) 42 (22)¢ 53:47 04
enantioselectivities of 79 to >99% ee. Basically, the |7 5qaa 5-CH,/H (1q) 56 (30) 53:47 93
position of the substituents had an obvious influence | 8 5raa 6-Br/7'-CH, (1) 66 (22) 33:67 79 (35"
.. . - ’_ [e] .

on the stereoselectivity of the reaction. As for the |° 3saa 6-Br/6-CH; (1) 77 (44) 57:43 87
L . . found that C5-substi d 3i 10 5taa 6-Br/5’-CH; (1t) 66 (40)* 60:40 94
isatin moiety, it was found that C5-substituted 3-in- | Suaa 6-Br/5-F (1u) 77 (28)® 3763 96 (68)"

dolylmethanols were inferior to C6- and C7-substitut-

ed ones in stereoselective control (Table 4, entries 6
and 7 vs. 1-5), and C7-substituted 3-indolylmethanols
were superior to Cé-substituted ones in terms of dia-
stereoselectivity (entries 1-3 vs. 4-5). Among them,
7-methyl 3-indolylmethanol 1m offered the spiro-

Chem. Eur. J. 2014, 20, 2597 - 2604 www.chemeurj.org

[a] Unless indicated otherwise, the reaction was carried out in 0.1 mmol scale cata-
lyzed by 10 mol% 4 f in DCE (1.5 mL) with 3 A MS (100 mg) for 24 h, and the ratio of
1/2a/3a was 1.5:1.2:1. [b] Isolated total yields of two diastereomers. [c] Determined
by 'H NMR spectroscopy. [d] The ee value refers to the major diastereomer 5 and was
determined by HPLC. [e] The yield in parentheses refers to that of the major diastereo-
mer 5. [f] The ee value in parentheses refers to another diastereomer 5'.
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Table 5. The substrate scope of aromatic aldehydes.”

dehyde 2 and amino ester 3a. Then, as illustrated in

Bn the transition states (TS) I-ll, the formal [3+3] cyclo-
addition of intermediate 6 or 7 with azomethine
¢Ho COLEt ylide 8 might proceed through a sequential Michael
| \, + HN COEL 10 mal% 41, 30 C, NHOE! addition (TS-l) and Pictet-Spengler reaction (TS-Il) to
\R CO.Et  DCE, 3AMS form the desired six-membered heterocyclic skeleton.
) 2a 5 N\ In the transition states of this reaction, CPA 4f acted
R as a Bronsted acid/Lewis base bifunctional catalyst to
) simultaneously activate both intermediate 7 and azo-
Entry 5 R Yield d.rd ee . . X X K
[%]® (%] methine ylide 8 by a hydrogen-bonding interaction.
This activation led to an enantioselective formal
1 5aaa 4-NO, (3a) 85 (54) 63:37 98 343 loaddition d he chiral .
5 5aba 3-NO, (3b) 82 (43)® 52:48 go 31y | [3+3] cycloaddition due to the chiral environment
3 5aca 4-CN 3¢ 73 (40) 55:45 9% created by (R)-BINOL backbone and the bulky 3,3'-(9-
4 5ada 3,4-Cl, 3d) 80 (38) 48:52 >99 (75)" | phenanthrenyl)-substituents of CPA 4 f, thereby offer-
le] . fl . . .
5 5aea 4-Cl(3e) 89.(51) 57:43 94 (83) ing the experimentally observed (1'S, 3S)-configured
6 5afa H@3EH 86 (77)® 90:10 81 duct 5
7l 5aga 4-CH,0 (39) 88 (88)* >95:5 eg | Producto.

by "H NMR spectroscopy. [d] The ee value refers to the major diastereomers

tion was catalyzed by 10 mol% 4e in CHCl; (1.5 mL).

[a] Unless indicated otherwise, the reaction was carried out in 0.1 mmol scale cata-
lyzed by 10 mol% 4 f in DCE (1.5 mL) with 3 A Mms (100 mg) for 24 h, and the ratio of
1a/2/3a was 1.5:1.2:1. [b] Isolated total yields of two diastereomers. [c] Determined

determined by HPLC. [e] The yield in parentheses refers to that of the major diastereo-
mer 5. [f] The ee value in parentheses refers to another diastereomer 5'. [g] The reac-

As shown in Figure 2, the two diastereomers of
(1'S, 3S)-5ada and (1S, 3R)-5ada’ have different ab-
solute configuration at the 3-position but have the
same configuration at the 1’-position, which indicat-
ed that there existed little chiral induction and dis-
crimination in the first step of Michael addition. As il-

5 and was

>99:1d.r) than the former (Table 5, entries 1-5 vs. 6 and 7).
Besides, the position of the substituents also had an effect on
the stereoselectivity, since p-nitrobenzaldehyde 3a was far su-
perior to its meta-substituted counterpart 3 b in stereoselective
control (Table 5, entry 1 vs. 2). It should be mentioned that
most of the diastereomers generated from the formal [343] cy-
cloadditions can be separated by using column chromatogra-
phy followed by preparative TLC (see the Supporting Informa-
tion). However, compounds 5aba and 5aea were obtained as
inseparable mixtures of two diastereomers, which can hardly
be separated even by preparative TLC.

As illustrated in Figure 2, the absolute configuration of spi-
ro[indoline-3,4’-pyridoindole] 5ada was unambiguously deter-
mined to be (1'S, 3S) by X-ray analysis on its single crystal in
>99% ee." The configurations of other spirolindoline-3,4'-pyr-
idoindoles] 5 were assigned by analogy. Besides, to gain some
insight into the reaction pathway related to stereoselective
control, we also tested the absolute configuration of another
diastereomer 5ada’ to be (1'S, 3R) by the same method
(Figure 2).0"¥

On the basis of our experimental results and previous re-
ports on catalytic asymmetric 3-indolylmethanol-involved reac-
tions®29™M as well as 1,3-DCs of azomethine ylides catalyzed by
CPA,®>"3% we suggested a possible reaction mechanism and re-
lated transition states to explain the chemistry and stereo-
chemistry of this catalytic asymmetric three-component formal
[343] cycloaddition (Scheme 1). Initially, the treatment of
isatin-derived 3-indolylmethanol 1 with CPA 4f afforded the
corresponding carboncation 6 or vinyliminium 7 intermediate,
which transformed into each other in fast equilibrium and
served as an efficient electrophilic reagent to react with azo-
methine ylide 8 generated in situ from the condensation of al-

Chem. Eur. J. 2014, 20, 2597 - 2604 www.chemeurj.org

2601

lustrated in TS-l and TS-I, The two stereo-modes of
nucleophilic substitution of azomethine ylide 8 to vi-
nyliminium 7 had a small difference in steric hin-
drance and could isomerize to each other, thereby resulting
in unsatisfactory diastereoselectivities in some cases. On
the contrary, the second step of the Pictet-Spengler
reaction of intermediate 9 (TS-Il) was proven to be the key
step to establish a highly enantioselective formal [3+3] cyclo-
addition. So, chiral induction and discrimination between
CPA 4f and substrates mainly occurred in the second step,
leading to the production of (1'S, 35)-5 with excellent
enantioselectivities.

To investigate the role of the N—H group in the indole
moiety of 3-indolylmethanol and to testify our proposed acti-
vation mode, we performed a control experiment by using
N-benzyl-protected 3-indolylmethanol 1v as a substrate
(Scheme 2). However, no desired cycloaddition product 5vaa
was observed under the optimal reaction conditions. Instead,
a Michael addition product 9vaa was generated in 38% yield,
which indicated that the N—H group of the indole moiety
played a crucial role in the reaction to generate formal [3+3]
cycloaddition products. On the other hand, the formation of
product 9vaa supported our hypothesis that this formal [3+3]
cycloaddition proceeded through a sequential Michael addi-
tion/Pictet-Spengler reaction pathway rather than a concerted
process.

Conclusion

We have established the first catalytic asymmetric formal [3+3]
cycloaddition of isatin-derived 3-indolylmethanol and in situ-
generated azomethine ylide. This approach not only represents
the first enantioselective cycloaddition of isatin-derived 3-indo-
lylmethanol, but has also realized an unusual enantioselective
formal [343] cycloaddition of azomethine ylide rather than its

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Proposed reaction mechanism and transition states.

common [3+42] cycloadditions, thus constructing a chiral six-
membered piperidine framework with two stereogenic centers.
Besides, this protocol efficiently assembles a variety of isatin-

CHO

NO,
2a

+ HN—(
COzEt  DCE, 3AMS
24h

3a

COEt 10 mol% 4f, 30 °C

TS-I

TSI

38% yield

Scheme 2. Control experiment involving N-benzyl-protected 3-indolylmethanol 1v.
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(1's,39)-5

Pictet-Spengler Reaction -

(1'S, 3R)-5'

Pictet-Spengler Reaction -

derived 3-indolylmethanols, aldehydes, and amino ester into
structurally diverse spiro[indoline-3,4"-pyridoindoles] with one
all-carbon quaternary stereogenic center in high yields and ex-

cellent enantioselectivities (up to
93% yield, >99% ee). Although
the diastereoselectivity of the re-
action is generally moderate,
most of the diastereomers can
be separated by using column
chromatography followed by
preparative TLC. So, this strategy
provides the first enantioselec-
tive construction of this type of
spiro-architecture, which exists
in many natural products and
pharmaceuticals.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe
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5ada’ (95% ee after
recrystallization)

Figure 2. X-ray structures of 5ada and 5ada’.

Experimental Section

Representative experimental procedures

Synthesis of (1'S, 3S)-diethyl 1-(4-bromobenzyl)-1'-(4-nitrophen-
yl)-2-oxo-1,2'-dihydrospirolindoline-3,4'-pyrido[3,4-blindolel-

3',3'(9'H)-dicarboxylate (5gaa): A solution of aldehyde 2a
(0.12 mmol), amino ester 3a (0.1 mmol), the catalyst 4f
(0.01 mmol), and 3 A molecular sieves (100 mg) in DCE (0.5 mL)
was stirred at 30 °C for 30 mins. Next, a solution of 3-indolylmetha-
nols 1g (0.15 mmol) in DCE (1 mL) was added. After being stirred
at 30°C for 24 h, the reaction mixture was filtered to remove mo-
lecular sieves and the solid powder was washed with ethyl acetate.
The resultant solution was concentrated under the reduced pres-
sure to give the residue, which was purified through flash column
chromatography on silica gel (eluent: petroleum ether/ethyl ace-
tate=6:1), then preparative thin layer chromatography (toluene/
ethyl acetate=5:1); total yield: 67%; 60:40 d.r.; yield of 5 gaa:
40% as a sticky oil. [a]y=+268 (c=0.6, CHCl;); enantiomeric
excess: 97%, as determined by HPLC (Daicel Chirapak AD-H,
hexane/isopropanol=70:30, flow rate 1.0mLmin~', T=30°C,
254 nm): ty=19.107 min (major), t;=45.533 min (minor); 'H NMR
(400 MHz, [Dglacetone): 6=9.98 (s, 1H), 8.37-8.27 (m, 2H), 7.92-
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7.86 (m, 2H), 7.75-7.68 (m, 3H), 7.67-7.62 (m, 2H), 7.25
(d, J=3.9Hz, 2H), 7.21 (d, J=8.1 Hz, 1H), 6.95-6.88 (m,
2H), 6.74 (d, J=7.9Hz, TH), 6.71-6.63 (m, 1H), 6.17 (d,
J=34Hz, 1H), 527 (d, J=150Hz, 1H), 511 (d, J=
15.0 Hz, 1H), 4.28-4.20 (m, 1H), 4.12-4.04 (m, 1H), 3.84
(d, J=3.5Hz, 1H), 3.76-3.68 (m, 1H), 3.64-3.56 (m, 1H),
119 (t, J=7.1Hz 3H), 067 ppm (t, J=7.1Hz, 3H);
3C NMR (100 MHz, CDC,): 6=175.2, 167.9, 166.6, 148.2,
148.1, 1424, 1363, 1348, 1334, 131.8, 130.7, 1299,
1284, 1249, 1242, 123.1, 122.3, 122.1, 1200, 1183,
111.1, 1089, 108.1, 70.9, 61.8, 61.7, 54.6, 52.3, 44.0, 13.8,
132 ppm; IR (KBr): #=3350, 2928, 1726, 1602, 1520,
1444, 1201, 841, 741cm™'; ESI FTMS m/z caled for

C;,H3,BrN,O,: 721.1298  [C5,H5,BrN,O,—H]™;  found:
721.1337.
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