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Abstract: The first catalytic asymmetric cycloaddition
using 2-indolylmethanols as 3C building blocks has been
established by a chiral phosphoric acid-catalyzed enantio-
selective and regioselective [3+43] cycloaddition of 2-indo-
lylmethanols with azomethine ylides, which constructed
biologically important tetrahydro-y-carboline frameworks
in high yields and excellent enantioselectivities (up to
83% yield, 99:1 e.r.). This reaction not only represents the
first application of 2-indolylmethanols as 3C building
blocks in catalytic asymmetric cycloadditions, but also has
established an abnormal regioselectivity in indolylmetha-
nol-involved transformations.

- /

The catalytic asymmetric synthesis of enantioenriched indole
derivatives has aroused great concern in the community of
chemistry because chiral indole frameworks constitute the core
structures of many important natural products and pharma-
ceuticals.! Among different approaches, indolylmethanol-in-
volved catalytic asymmetric reactions have recently emerged
as powerful methods for synthesizing optically pure indole de-
rivatives (Scheme 1).%® Particularly, 3-indolylmethanols have
proven to be versatile reactants for catalytic asymmetric substi-
tutions [Eq. (1)]® or cycloadditions [Eq. (2)] ¥ in the presence
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Scheme 1. Profile of indolylmethanol-involved catalytic asymmetric reac-
tions.
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of chiral catalysts, and many enantioselective transformations
involving 3-indolylmethanols have been established.”™

However, in sharp contrast, 2-indolylmethanols have scarcely
been utilized for catalytic asymmetric reactions in spite of the
fact that this class of reactants has promising applications in
the synthesis of natural products and chiral indole derivative.”
Until recently, Han and co-workers pioneered the catalytic
asymmetric substitutions of 2-indolylmethanols using in-
doles®™ or enamides™ as nucleophiles (Nu) in the presence of
chiral Brgnsted acid [Eq. (3)]. Despite this pioneering work, 2-
indolylmethanol-involved catalytic asymmetric reactions are
rather limited and are confined to several examples of enantio-
selective substitutions.”’ More importantly, the chemistry of
catalytic asymmetric cycloadditions using 2-indolylmethanols
as 3C building blocks still remains unknown [Eq. (4)]. Very sur-
prisingly, even racemic cycloadditions involving 2-indolylme-
thanols have sporadically been reported in the literature.*®®”
The underdevelopment of 2-indolylmethanol-involved enantio-
selective reactions, especially enantioselective cycloadditions,
is largely ascribed to the great challenges in such transforma-
tions. The first one is the difficulty of 2-indolylmethanol in
forming resonant intermediates of carbocation, vinyliminium
and delocalized cation, which are key intermediates for 2-indo-
lylmethanol-involved reactions. The second one is the difficulty
of 2-indolylmethanol in acting as a 3C building block for cyclo-
additions. The last one is the difficulty in controlling the enan-
tioselectivity and regioselectivity of the catalytic asymmetric
cycloadditions, because there are two possible cycloaddition
modes with reversed regioselectivity [Eq. (4)]. Therefore, devel-
oping catalytic asymmetric cycloadditions of 2-indolylmetha-
nols is of great significance and becomes an urgent task.

To fulfill this task and as our continuous interest in synthesiz-
ing chiral indole derivatives, we designed a chiral phosphoric
acid (CPA)"*® catalyzed [343] cycloaddition of 2-indolylmetha-
nols with azomethine ylides® ' which was generated in situ
from aldehydes and amino ester (Scheme 2). In this design,
CPA as an acidic catalyst not only facilitates the transformation
of 2-indolylmethanols into resonant intermediates of carbocat-
ion, vinyliminium and delocalized cation, but also accelerates
the generation of azomethine ylides from aldehydes and
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Scheme 2. Design of the catalytic asymmetric cycloadditions of 2-indolylme-
thanols and observed abnormal regioselectivity.
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amino ester. More importantly, CPA anion as a chiral catalyst
could simultaneously activate both of the two intermediates
(delocalized cation and azomethine ylide) by dual hydrogen-
bonding interaction, which played a crucial role in controlling
the reactivity, enantioselectivity and regioselectivity of the de-
signed [3+43] cycloaddition. So, this design will not only con-
front the great challenges in catalytic asymmetric cycloaddi-
tions of 2-indolylmethanols, but also provide an efficient strat-
egy for constructing biologically important tetrahydro-y-carbo-
line frameworks"? with optical purity. Very interestingly, during
our investigation, it was found that the [343] cycloaddition oc-
curred with an abnormal regioselectivity via a possible transi-
tion state (TS-B) rather than the anticipated TS-A. It should be
mentioned that in previous transformations of indolylmetha-
nols [Eq. (1)-(3)], the nucleophiles always attacked the carbon
which was adjacent to the OH group of indolylmethanols,
which resulted in a normal regioselectivity.?

Herein, we report the first catalytic asymmetric cycloaddition
using 2-indolylmethanols as 3C building blocks, which makes
use of chiral phosphoric acid-catalyzed enantioselective and re-
gioselective [343] cycloaddition of 2-indolylmethanols with
azomethine ylides in situ generated from aldehydes and amino
ester, leading to the construction of biologically important tet-
rahydro-y-carboline framework at high yields and excellent
enantioselectivities (up to 83 % yield, 99:1 e.r.).

Initially, the reaction of 2-indolylmethanol 1a, 4-nitrobenzal-
dehyde 2a, diethyl 2-aminomalonate 3 was tentatively em-
ployed as a model reaction to testify the possibility of the de-
signed [3+3] cycloaddition (Scheme 3). Gratifyingly and sur-
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Table 1. Generality of aldehydes 2.”!
CO,Et

WH R Et0,C,_CO2Et 30 mol % (R)-6a, 80 °C E10,0—7—Nd R

N Pho* Lo * Y —_— N—/ph

H Ph CHO NH, m-xylene, 3 AMS N

1a 2 3 H Eh

4

Entry 4 R(2) Yield [%]"’ erl
1 4aa 4-NO,CeH, (2a) 66 99:1
2 4ab 4-CNC¢H, (2b) 81 99:1
3 4ac 4-CO,MeC¢H, (2¢) 51 97:3
4 4ad 4-CF,C,H, (2d) 54 97:3
5 4ae 4-FCeH, (2€) 63 97:3
6 4af 4-CICH, 26 64 96:4
7 4ag 4-BrCH, (29) 66 98:2
8 4ah 3-CF,CeH, (2h) 79 99:1
9 4ai 3-FC.H, (2i) 59 97:3
10 4aj 3-BrCeH, (2)) 58 97:3
1 4ak 2-NO,C¢H, (2Kk) 72 96:4
12 4al 2-CNCgH, (21) 56 96:4
13 4am 3-Cl,4-FCH; (2m) 72 99:1
14 4an 3-F4-CIC¢H; (2n) 69 99:1
15 4ao Ph (20) 58 93.7
16 4ap 4-MeCgH, (2p) 64 91:9
17 4aq 3-MeOCgH, (2q) 65 90:10
18 4ar 2-MeOCgH, (2r) 78 87:13
19 4as 2-thiophenyl (2s) 61 92:8
20 4at 3-thiophenyl (2t) 78 95:5
21 4au cyclopentyl (2u) 62 90:10
[a] Unless indicated otherwise, the reaction was carried out at the
0.1 mmol scale in m-xylene (2 mL) with 3 A MS (100 mg) at 80°C for 15 h,
and the mole ratio of 1a:2:3 was 1:1.2:1.1. [b] Isolated yield. [c] The e.r.
value was determined by HPLC. [d] Catalyzed by (R)-5b in ethyl acetate
with 5 A MS at 30°C for 17 h.

5a, G = 4-CICgH,
5b, G = 1-naphthyl
O, O 5¢, G = 2-naphthyl 0, /,
5d, G = 9- Phenanthrenyl OH
o OH 5e, G = 9-Anthracenyl! o
5f, G = 2,4,6-( IPr3C6H2

lectivity (99:1 e.r.) was obtained by using m-xylene as
solvent at a higher temperature of 80°C.

With the optimal conditions known, we then inves-
tigate the generality of this catalytic asymmetric
[343] cycloaddition of 2-indolylmethanols. Firstly, the

59, G = SiPh; ~
(R) 5 (S)-6a, G =9- Anthracenyl (S)-7a, G = 9-Anthracenyl
NO, CO,Et
OH EtO,C, COEt Et0,C—j=NH
@EH% . . T X mol % 57, T °C 3 O NO,
_—

H Ph N solvent, additives O b Ph
CHO N Ph
1a 2a 3 4aa

Initial condition: 10 mol% 5a, 50 °C, toluene (1 mL), 3 AMS
Optimal condition: 30 mol% 6a, 80 °C, m-xylene (2 mL), 3 AMS

40% yield, 62:38 er
66% yield, 99:1 er

Scheme 3. Catalysts and model reaction utilized to optimize the conditions.

prisingly, in the presence of CPA 5a, the designed [3+43] cyclo-
addition occurred in an unexpected abnormal regioselectivity,
although the generated tetrahydro-y-carboline product 4aa
was in a low yield of 40% and poor enantioselectivity of 62:38
er. To further improve the enantioselectivity and the yield,
a series of BINOL, Hg-BINOL and SPINOL-derived CPAs 5-7 were
screened for the reaction, which found that CPA 6a was the
best catalyst in terms of the enantioselectivity. Besides, differ-
ent reaction parameters such as solvents, additives, tempera-
ture, molar ratio and the catalyst loading were carefully evalu-
ated to find the most suitable reaction conditions (see the
Supporting Information for details). Finally, the best enantiose-
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substrate scope of aldehydes 2 was examined. As
shown in Table 1, a wide range of aromatic, hetero-
aromatic and aliphatic aldehydes were amenable to
the [343] cycloaddition, which delivered the tetrahy-
dro-y-carboline products 4 in generally good yields
and excellent enantioselectivities. In detail, a variety
of aromatic aldehydes bearing electronically poor,
neutral or rich substituents could smoothly partici-
pate in the reaction (entries 1-18). Clearly, electroni-
cally poor benzaldehydes appear to be competent substrates
(entries 1-14), which offered the [343] cycloaddition products
in uniformed excellent enantioselectivities (96:4 to 99:1 e.r.).
Besides, it seemed that the position of the substituents had no
evident effect on the enantioselectivity, because either para-
(entries 1-7), meta- (entries 8-10) or ortho- (entries 11 and 12)
substituted benzaldehydes could participate in the reaction in
similarly satisfying enantioselectivities. However, the electronic
nature of the substituents had a remarkable influence on the
enantioselectivity due to the fact that electronically neutral
and rich benzaldehydes were inferior to electronically poor
ones with regard to the enantioselectivity (entries 1-14 vs. 15—
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18). It should be mentioned that electronically rich benzalde-
hydes often exhibited low reactivity or low enantioselective
control in CPA-catalyzed cycloadditions of azomethine ylide,
which should be largely ascribed to the difficulty in forming
azomethine ylides from such aldehydes and the low reactivity
of the generated azomethine ylides in cycloadditions."™ So,
the successful utilization of electronically rich benzaldehydes in
the [3+3] cycloaddition would greatly enlarge the applicability
of this approach. More importantly, heteroaromatic aldehydes
as exemplified by 2s-2t also proved to be suitable substrates,
which smoothly underwent the [343] cycloaddition at good
yields and high enantioselectivities (entries 19 and 20). Notably,
aliphatic aldehydes normally showed extremely low reactivity
(much lower than electron-rich benzaldehydes) in azomethine
ylide-involved cycloadditions.®9'3' So, the application of ali-
phatic aldehydes in such reactions is very challenging. After
suitably adjusting the reaction conditions, cyclopentanecarbal-
dehyde 2u as an aliphatic aldehyde could take part in the
[343] cycloaddition to give the corresponding product 4au at
a good yield of 62% and a high enantioselectivity of 90:10 e.r.,
which would further expanded the substrate scope of the reac-
tion.

Secondly, the applicability of 2-indolylmethanols 1 was in-
vestigated by the reactions with 4-nitrobenzaldehyde 2a and
diethyl 2-aminomalonate 3 under the optimal conditions
(Table 2). As shown in entries 1-4, several 2-indolylmethanols

Table 2. Applicability of 2-indolylmethanols 1.”!

CO,Et

2
Et020 CO,Et EtO,C——NH
% 30 mol % (R)-6a" O NO,
M xylene 80 °C O
1
Entry 4 R/Ar « ) Yield [9%]® erld
1 4aa H/Ph (1a) 66 99:1
2 4ba H/4-FC4H, (1b) 57 98:2
3 4ca H/3-FCeH, (1) 46 99:1
4 4da H/3-MeCgH, (1d) 83 97:3
5 4ea Br/Ph (1e) 77 99:1

[a] Unless indicated otherwise, the reaction was carried out at the
0.1 mmol scale in m-xylene (2 mL) with 3 A MS (100 mg) at 80°C for 15 h,
and the mole ratio of 1:2a:3 was 1:1.2:1.1. [b] Isolated vyield. [c] The e.r.
value was determined by HPLC.

1 linking different aromatic (Ar) groups could serve as suitable
substrates in the [3+43] cycloadditions, which generated the
tetrahydro-y-carboline products 4 in excellent enantioselectivi-
ties (97:3 to 99:1 e.r.). Moreover, the applicability of substituted
2-indolylmethanols was exemplified by C-7 bromo-substituted
substrate 1e, which successfully participated in the [343] cy-
cloaddition to give product 4ea at a high yield and an excel-
lent enantioselectivity (entry 5).

In addition, several unsymmetrical 2-indolylmethanols
1 were employed as substrates to the [343] cycloadditions
with 4-nitrobenzaldehyde 2a and diethyl 2-aminomalonate 3
(Table 3). Gratifyingly, the substrates bearing two different
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Table 3. Using unsymmetrical 2-indolylmethanols 1 as substrates.”’

o CO,Et
EtOZC CO,Et EtO,C—j=NH
30 mol % (R)-6a 4 7 O NO,
H, m-xylene, 80 °C O Ph
3AMS N A
1 3 4

Entry 4 Ar Yield [%]® d.r e.r. (major/minor)"

1 4fa 4-FCiH, (1) 50 55:45 98:2/98:2
2 4ga 4-CICH, (19) 44 56:44  97:3/95:5
3 4ha 4-MeCiH, (1h) 64 53:47 94:6/96:4
4 4ia  3-MeCeH, (10) 79 71:29 99:1/99:1
5 4ja  2-MeC¢H, (1)) 54 >95:5 95:5/-
6" 4ka 1-naphthyl (1k) 37 85:15  84:16/-

[a] Unless indicated otherwise, the reaction was carried out at the 0.1 mmol
scale in m-xylene (2 mL) with 3 A Ms (100 mg) at 80°C for 15 h, and the
mole ratio of 1:2a:3 was 1:1.2:1.1. [b] Isolated yield. [c] The d.r. value was
determined by 'H NMR. [d] The e.r. value was determined by HPLC. [e] Per-
formed in toluene at 50 °C for 19 h.

phenyl groups could smoothly participate in the desired [3+3]
cycloaddition to give the corresponding products 4 at moder-
ate to good yields and excellent enantioselectivities (entries 1-
5). It seemed that the position of the substituents on the aryl
group imposed some effect on the diastereoselectivity of the
reaction. In detail, 2-indolylmethanols 1f-1h bearing a para-
substituted aryl group exhibited the lowest capability in con-
trolling the diastereoselectivity, whereas 2-indolylmethanol 1i
bearing a meta-substituted aryl group could give the corre-
sponding product in a moderate diastereoselectivity. Notably,
2-indolylmethanol 1j bearing an ortho-substituted aryl group
was much superior to others in controlling the diastereoselec-
tivity, which gave the [3+43] cycloaddition product in the high-
est diastereoselectivity of >95:5 d.r. This phenomenon might
be associated with the steric effect of ortho-substituted aryl
group, which was beneficial to the diastereoselectivity during
the process of cycloaddition. When 2-indolylmethanol 1k bear-
ing a bulky 1-naphthyl substituent was employed to the reac-
tion with 4-nitrobenzaldehyde 2a and diethyl 2-aminomalo-
nate 3 under the original standard conditions, only trace of the
product was observed. So, we modulated the reaction condi-
tion by lowering the reaction temperature to 50°C and using
toluene as a solvent. Under this reaction condition, the [3+3]
cycloaddition product 4ka could be generated in a good dia-
stereoselectivity of 85:15 d.r. and a considerable enantioselec-
tivity of 84:16 e.r. (entry 6). However, because of the bulky size
of 1-naphthyl group, this substrate 1k exhibited much lower
reactivity, which might account for the low yield of the reac-
tion.

The absolute configuration of product ent-4ak (99:1 e.r.
after recrystallization) generated in the presence of (S)-6a was
unambiguously determined to be (R) by single crystal X-ray dif-
fraction analysis (see the Supporting Information for details)."
So, the absolute configurations of product 4ak and other
products 4 in Tables 1 and 2 produced in the presence of (R)-
6a were assigned to be (S) by reasoning and analogy. Based
on the experimental results, we suggested a possible reaction
pathway and activation mode to explain the chemistry and the
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Scheme 4. Suggested reaction pathway and activation mode.

stereochemistry of the [343] cycloaddition
(Scheme 4). Initially, in the presence of CPA 6a, 2-in-
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11 bearing one aryl substituent to the reaction with 4-nitro-
benzaldehyde 2a and diethyl 2-aminomalonate 3 under the
standard conditions. However, no [3+3] cycloaddition product
4la was generated, while a large amount of homo-1,3-diplolar
cycloaddition product C along with aldimine B was produced.
This result indicated that this type of 2-indolylmethanols bear-
ing one aryl substituent could hardly generate a carbocation
intermediate as stable as that generated from 2-indolylmetha-
nols bearing two aryl substituents.

Moreover, the [3+3] cycloaddition of 2-indolylmethanol 1a,
aldehyde 2h and amino ester 3 was performed on a 0.5 and
1 mmol scale under the standard conditions (Scheme 6). The
two large-scale reactions proceeded smoothly to generate the
tetrahydro-y-carboline product 4ah in good yields and excel-
lent enantioselectivities, demonstrating the utility of this reac-
tion.

Finally, a preliminary derivatization of compound 4ea was
performed by Suzuki coupling with 4-chlorophenylboronic
acid, which smoothly furnished the product 8 in a high yield
of 86% and a perfect enantioselectivity of >99.5:0.5 e.r.
(Scheme 7).

dolylmethanols 1 were converted into cation inter- EtO,C i

mediates with resonant structures of carbocation, vi- Aéb"\/C‘Z_’ Noz
nyliminium and delocalized cation A. At the same (j\/x_y< - s

time, CPA 6a promoted the condensation of alde- Me  Et0,c. COuEt % ma HOE R
hydes 2 with amino ester 3 to generate the aldimine 3AMS, 80°C EO,C COLEt
. . . 15h R—, COEt

intermediates B, which served as precursors of azo- OCHO 3 N ot * R)\N CO,Et
methine ylide. Then, the anion of CPA 6a simultane- B R=4NOCeHs Hc

ously activated both the azomethine ylide and the

delocalized cation via dual hydrogen-bonding inter- 8 P -

action, which facilitated an enantioselective [3+3] cy- oM e ’mmz
cloaddition between the two intermediates to afford N Ph E0,c_ COME Ve

the tetrahydro-y-carboline products 4 with (S)-config- 1l + \'EHz 30 mol % (R)-6a | 4l Fo.c

uration. The rigid structure of Hg-BINOL backbone ON cHo 3 3Amn}|xsyfe;()e°c Et02C2 ( CO,Et
and the bulky 3,3-(9-anthracenyl) substituents of CPA 5 toh ol zzzz g COLE
6a created a chiral environment, which contributed o B ;=4_N02C6H4 Hc
greatly to the obtained excellent enantioselectivity.

The observed abnormal regioselectivity might be as- Scheme 5. Control experiments.

sociated with the steric repulsion between the two

ester groups (R') of the azomethine ylide and the Ot oF
two bulky Ar groups of the delocalized cation. Besides, the WH Peoc COEy . 1% (Ryea E1OC X ’
[343] cycloaddition was tentatively suggested to undergo N pn P * NH, m-xylene (0.05 M) N\ Ph
a concerted reaction pathway, because no stepwise-addition 1a ;:hHO 3 3“"13550% H4a:h

products were detected in the reaction process.

To verify the suggested activation mode of CPA to 2-indolyl-
methanols, a control experiment was carried out, which uti-
lized N-methyl protected 2-indolylmethanol 1m as a substrate
under the standard conditions (Scheme 5a). As expected, no
[343] cycloaddition occurred. Instead, only a small amount of
aldimine B and homo-1,3-diplolar cycloaddition product C"*¢
were generated via the condensation of aldehyde 2a with
amino ester 3. This result indicated that the indole N—H group
of 2-indolylmethanols played a crucial role in controlling the
reactivity of the [34+3] cycloaddition by forming a hydrogen
bond with CPA. Besides, we also employed 2-indolylmethanol

Chem. Eur. J. 2016, 22, 1-8 www.chemeurj.org

These are not the final page numbers! 22

0.5 mmol scale: 76% (233.7 mg), 97:3 er
1 mmol scale: 64% (390.6 mg), 98:2 er

Scheme 6. Large scale synthesis.

In summary, we have established the first catalytic asymmet-
ric cycloaddition using 2-indolylmethanols as 3C building
blocks, which makes use of chiral phosphoric acid-catalyzed
enantioselective and regioselective [3+3] cycloaddition of 2-in-
dolylmethanols with azomethine ylides, leading to the con-
struction of biologically important tetrahydro-y-carboline
framework at high yields and excellent enantioselectivities (up
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& EtO,C  CO,Et 4-CICgH4B(OH), (1.5 equiv.)
Cs,CO3 (2 equiv.)
Pd(OAc), (0.05 equiv.)
Butyl di-1-adamantylphosphine
(0.06 equiv.)
NO, DME (2mL),70°C, 15h

EtO,C  CO,Et

Henen

4ea, 99:1 er

8
86%, >99.5:0.5 er

Scheme 7. Preliminary derivation.

to 83% yield, 99:1 e.r.). This reaction not only represents the
first application of 2-indolylmethanols as 3C building blocks in
catalytic asymmetric cycloadditions, but also has established
an abnormal regioselectivity in indolylmethanol-involved trans-
formations. More importantly, this approach has settled the
great challenges in 2-indolylmethanol-involved catalytic asym-
metric cycloadditions, which will open a new window for de-
veloping 2-indolylmethanol-involved catalytic enantioselective
transformations.

Experimental Section

General procedure for the synthesis of [3+3] cycloaddition
products

After a solution of aldehydes 2 (0.12 mmol), amino ester 3
(0.11 mmol), the catalyst (R)-6a (0.03 mmol), and 3 A molecular
sieves (100 mg) in m-xylene (1 mL) was stirred at 25°C for 1 h, the
solution of 2-indolylmethanols 1 (0.1 mmol) in m-xylene (1 mL) was
added. After being stirred at 80°C for 15 h, the reaction mixture
was filtered to remove molecular sieves and the solid powder was
washed with ethyl acetate. The resultant solution was concentrat-
ed under the reduced pressure to give the residue, which was puri-
fied through flash column chromatography on silica gel to afford
pure products 4.
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HE-EN

Catalytic Enantioselective and
Regioselective [3+3] Cycloadditions
Using 2-Indolylmethanols as 3C

Building Blocks

CHEMISTRY

A European Journal
Communication
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R'= CO,Et up to 83% yield
Abnormal regioselectivity >95:5 dr, 99:1 er

Abnormally selective: The first catalytic dolylmethanols with azomethine ylides,

asymmetric cycloaddition using 2-indo- which constructed biologically impor-
lylmethanols as 3 C building blocks has tant tetrahydro-y-carboline framework
been established by chiral phosphoric in high yields and excellent enantiose-
acid-catalyzed enantioselective and re- lectivities (up to 83% yield, 99:1 e.r.).

gioselective [343] cycloaddition of 2-in-

Asymmetric Catalysis

Due to the great challenges in 2-indolylmethanol-involved
enantioselective cycloadditions, 2-indolylmethanols have
scarcely been utilized for catalytic asymmetric
cycloadditions. In their Communication on page M ff., F.
Shi and co-workers demonstrate the first catalytic
asymmetric [343] cycloaddition of 2-indolylmethanols with
azomethine ylides using a chiral phosphoric acid catalyst.
Notably, this reaction proceeds with an abnormal
regioselectivity, which provides easy access to
enantioenriched tetrahydro-y-carboline frameworks.
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