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Abstract: A readily available chiral Brgnsted acid was
identified as an efficient catalyst for intramolecular Povarov
reactions. Polycyclic amines containing three contiguous
stereogenic centers were obtained with excellent stereocontrol
in a single step from secondary anilines and aldehydes
possessing a pendent dienophile. These transformations con-
stitute the first examples of catalytic enantioselective intra-
molecular aza-Diels—Alder reactions.

l ntramolecular Diels-Alder (IMDA) reactions are among
the most powerful tools for the rapid construction of
polycyclic compounds and often generate multiple stereo-
genic centers in a single step.'! Highly diastereoselective
IMDA reactions are well developed and have been applied to
the asymmetric synthesis of natural products and other
bioactive materials.'! Although far less developed than their
diastereoselective variants, a number of elegant catalytic
enantioselective IMDA reactions have been reported.”! As
a subclass of DA reactions, hetero-DA (HDA) reactions are
widely used in the synthesis of biologically relevant hetero-
cycles.! Over the past two decades, numerous reports on
catalytic enantioselective intermolecular HDA reactions have
appeared.l’! In stark contrast, their corresponding intramo-
lecular variants remain rare and are largely limited to oxa-DA
reactions.”) To our knowledge, there has been no report on
a catalytic enantioselective intramolecular aza-DA reac-
tion.[*” Herein we report the first examples of such a process.

We recently introduced a new class of chiral Brgnsted acid
catalysts® (e.g., 1a; for structure see Table 1) which comprise
carboxylic acids!” with a covalently connected anion-recog-
nition site, specifically, a thiourea moiety.""! These catalysts
are thought to derive their acidity, at least in part, from
stabilization of their respective conjugate bases through anion
binding.!""* The catalyst 1a was identified as being partic-
ularly effective and was applied to a catalytic enantioselective
three-component Povarov reaction, a specific type of aza-DA
reaction.!"™ Furthermore, 1a was found to catalyze challeng-
ing Pictet-Spengler reactions.'™ With regard to the Povarov
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process, a unique feature of our work was the use of indoline
and other secondary-aniline-type amines. Iminium ions
derived from these species lack acidic N-H protons, thus
severely reducing the propensity for forming hydrogen-bond-
stabilized ion pairs with the catalyst anion. In asymmetric
phosphoric acid catalysis, such interactions have been
invoked to play an important role in controlling the enantio-
selectivity of various transformations, including Povarov
reactions. Possibly for this reason, catalytic enantioselective
reactions with secondary amine substrates that involve
intermediate iminium ions remain far less studied than the
corresponding transformations with primary amines or pre-
formed imines.™

For the purpose of developing the title transformation, 5-
bromoindoline (2a) and the aldehyde 3a were selected as
model substrates (Table 1)."! O-allylsalicylaldehyde deriva-
tives closely related to 3a have been used as starting materials
for the synthesis of bioactive tetrahydrochromanoquino-
lines."”" Achiral Lewis or Brgnsted acids have been employed

Table 1: Evaluation of reaction conditions.!

Br OHC
+
N PhMO

catalyst (20 mol%)
—_— >
PhMe, 4A M.S., RT

H
2a 3a
O, N S CF.
Br, NH HN— ?
HN
Br COOH
CF;
Br Br
1a
(S)-TRIP (1b)
Entry Catalyst Conc.[m] t[h] Yield [%] d.r. ee [%)]
1 - 0.05 17 5 n.d. -
2 TFA 0.05 17 14 1:1.3 -
3 1a 0.05 2 87 >20:1 97
4 1b 0.05 17 78 1:1 97/37
5 la 0.1 2 80 >20:1 96
6 la 0.025 17 38 11:1 91/38
70 1a 0.05 12 91 >20:1 >99
8l la 0.05 72 63 10:1 94
gt 1a 0.1 72 69 7:1 91

[a] Reactions were performed with 0.2 mmol of 3a and 1.2 equiv of 2a.
Yields correspond to chromatographically purified products. The

d.r. values were determined by '"H NMR analysis of the crude reaction
mixtures. The ee values were determined by HPLC analysis; see the
Supporting Information for details. [b] The reaction was performed at
0°C. [c] With 10 mol % of 1a. n.d.=not determined.
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as catalysts/promoters in these intramolecular Povarov reac-
tions, thus typically providing products such as 4a as
diastereomeric mixtures. When a reaction of 2a and 3a was
conducted in the absence of catalyst, some background
reactivity was noted (entry 1).!*! Surprisingly, the relatively
strong carboxylic acid TFA, which is widely used to promote
intramolecular Povarov reactions,*>’! provided poor sub-
strate conversion (entry 2). Gratifyingly, 1a was found to be
an excellent catalyst. After a reaction time of only two hours,
4a was obtained in 87% yield and 97% ee as essentially
a single diastereomer (entry 3). Interestingly, (S)-TRIP (1b),
the most widely used chiral phosphoric acid catalyst,®!"!
showed comparable enantioselectivity while being substan-
tially less active (entry 4). However, poor diastereoselectivity
was observed, thus indicating vastly different modes of action
for the two catalysts. Further evaluation of reaction con-
ditions showed that a higher reaction molarity did not provide
improvements (entry 5), and a lower substrate concentration
led to a more sluggish reaction with loss of enantio- and
diastereoselectivity (entry 6). Decreasing the reaction tem-
perature to 0°C further improved the yield of 4a while raising
the product eevalue to more than 99% (entry 7). A
reduction in catalyst loading to 10 mol% led to a drop in
reactivity and selectivity at different concentrations (entries 8
and 9).

As outlined in Scheme 1, O-allylsalicylaldehyde deriva-
tives (3) with different substituents on the aldehyde phenyl
ring reacted smoothly with 2a to produce polycyclic hetero-
cycles (4) in excellent yields and with high levels of diastereo-
and enantioselectivity. With regard to the dienophile compo-
nent, both electron-withdrawing and electron-donating
groups on the phenyl group were tolerated. Heteroarenes
such as furan and thiophene rings were also readily accom-
modated. Finally, the thiosalicylaldehyde-derived starting
material 3p was successfully transformed into the product
4p. In this instance, the d.r. value was slightly eroded, but
excellent yield and enantioselectivity were maintained.?!!

Next, the generality of the transformation was explored
with regard to the amine component (Scheme 2). A number
of indolines performed well. Tetrahydroquinoline was found
to exhibit a lower level of reactivity, while providing the
product Sf with slightly reduced ee and d.r. values. Gratify-
ingly, N-methyl aniline, a representative acyclic secondary
amine, engaged in the formation of the product 5g. While
a longer reaction time was required, this product was
obtained with excellent d.r. and ee values, albeit in moderate
yield. By employing a more electron-deficient acyclic sub-
strate, namely 4-chloro-N-methylaniline, the corresponding
product Sh was obtained with excellent yield and stereose-
lectivity.

An unusual and interesting observation was made in the
course of this study. While racemic samples of cycloaddition
products were easily obtainable with TFA, diastereomeric
mixtures of two products were typically obtained. In some
cases, a third diastereomer was observed. This observation
prompted us to evaluate racemic 1a (rac-1a) as a catalyst to
obtain diastereomerically enriched racemic products for
HPLC analysis. Remarkably, rac-1a at a 20 mol % loading
was nearly ineffective in accelerating the formation of rac-4a
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R 1a (20 mol%)
PhMe (0.05 M)

Br\©\/> OHC_~/
+ \
N A

4AMS.,0°C, 12h

4d, 96%
d.r.=14:1,93% ee

4b, 93%
d.r. =20:1, 96% ee

4c, 98%
d.r. >20:1, 96% ee

4f, 91%0°
d.r.>20:1, 94% ee

4e, 91%
d.r. =20:1, 99% ee

4g, 98%,
d.r.>20:1, 96% ee

4h, 99%
d.r. >20:1, 94% ee

4i, 98%
d.r. >20:1, 93% ee

4j, 94%
d.r.=15:1, 90% ee

4k, 94%
d.r.>20:1, 97% ee

41, 96%
d.r.>20:1, 96% ee

4m, 89%

40, 91%[
d.r.>20:1, 92% ee

4n, 97%
d.r. >20:1, 96% ee

4p, 94%
d.r. =10:1, 95% ee

Scheme 1. Aldehyde scope. Reactions were performed with 0.2 mmol
of 3 and 1.2 equiv of 2a. Yields correspond to chromatographically
purified products. The d.r. values were determined by '"H NMR analysis
of the crude reaction mixtures. The ee values were determined by
HPLC analysis; see the Supporting Information for details. [a] The
reaction was run for 3 days.

from 2a and 3a. Nonlinear effects were then evaluated in an
effort to develop a more detailed understanding of this
phenomenon (Table 2). Interestingly, the ee value of 4a
remained at a nearly identical level down to a catalyst
ee value of only 10%. However, the reaction rate gradually
slowed down with reduced catalyst ee values, with a substan-
tial drop in reactivity being noted for a catalyst composition of
less than 50 % ee. Concurrent with the reduction in reaction
rate, the diastereoselectivity diminished gradually.

The exceptionally pronounced nonlinear effect suggests
a high degree of aggregation between R,R- and §,S-enantio-
mers. Importantly, aggregation of enantiomerically pure 1a
might also be relevant to the catalytic process. Such aggre-
gation was previously noted in the solid-state structure of the
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R 1a (20 mol%)
l\\ OHCD PhMe (0.05 M)
+ R — .
A N R P "0 4AMS. 0°C

5a, 95% (12 h)
d.r. =171, > 99% ee

5b, 90% (12 h)
d.r.=15:1, 96% ee

5c, 88% (12 h)
d.r.=15:1, 98% ee

5d, 95% (12 h)
d.r.>20:1, 86% ee

5e, 94% (12 h)
d.or.=12:1. 93% ee

5f, 83% (2 d)
dr.=7:1,81% ee

59, 61% (7 d)
d.r. > 20:1, 90% ee

5h, 98% (4 d)
d.r. > 20:1, 95% ee
Scheme 2. Amine scope. Reactions were performed with 0.2 mmol of
3a and 1.2 equiv of 2. Yields correspond to chromatographically
purified products. The d.r. values were determined by '"H NMR analysis
of the crude reaction mixtures. The ee values were determined by
HPLC analysis; see the Supporting Information for details.

Table 2: Nonlinear effects study.”

Br OHC
.
N P "0

1a (20 mol%)
—
PhMe, 4AM.S., RT

2a 3a

Entry Ta (ee [%)]) t [h] Yield [%] d.r. ee [%)]
1 100 2h 87 >20:1 97/-
2 90 7d 82 12:1 98/53
3 80 7d 80 10:1 97/46
4 70 7d 78 8:1 97/40
5 60 7d 74 8:1 97/35
6 50 7d 70 7:1 97/30
7 40 7d 48 4:1 97/8
8 30 7d 30 4:1 95/7
9 20 7d 23 1.7:1 97/9
10 10 7d 16 2:1 96/6
11 0 7d 14 1:2 -

12 no catalyst 7d 7 1:1 -

[a] Reactions were performed with 0.2 mmol of 3a and 1.2 equiv of 2ain
the presence of 1a with different ee values. Yields are those of
chromatographically purified compounds. The d.r. values were deter-
mined by '"H NMR analysis of the crude reaction mixture. The ee values
were determined by HPLC analysis. Reactions in entries 7-12 did not
reach full conversion of 3a after 7 days.

tetrabutylammonium salt of (R,R)-1a.1%! In fact, the obser-
vation that a reduction in reaction molarity (see entry 6 of
Table 1) leads to a reduced diastereoselectivity is consistent
with the notion that a (partially) de-aggregated catalyst anion
might facilitate the formation of the minor product diaste-
reomer.’? Another case in point is the fact that the minor
diastereomer of 4a is obtained with appreciable ee value,
meaning its formation cannot solely be attributed to a racemic
background process.
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In summary, we have reported highly enantio- and
diastereoselective intramolecular Povarov reactions as the
first examples of a catalytic enantioselective intramolecular
aza-Diels—Alder reaction. A chiral conjugate-base-stabilized
carboxylic acid catalyst was found to be uniquely effective in
facilitating this transformation. Preliminary mechanistic stud-
ies revealed interesting catalyst aggregation phenomena
which are the subject of ongoing investigations.

Experimental Section

General procedure: A flame dried vial was charged with aldehyde
(0.2 mmol, 1 equiv), 1a (34 mg, 0.04 mmol, 0.2 equiv), and powdered
4 A MLS. (100 mg). Freshly distilled toluene (4 mL) was added and the
resulting mixture was cooled to 0°C over 10 min. The aromatic amine
was then added (0.24 mmol, 1.2 equiv) and the reaction mixture was
stirred at 0°C. After the indicated reaction time, triethylamine
(1 mmol, 0.14 mL) was added. The reaction mixture was warmed to
RT, diluted with ethyl acetate, and filtered through Celite. The filtrate
was concentrated under reduced pressure and the crude product
purified by flash chromatography.

Keywords: asymmetric catalysis - Brgnsted acids -
cycloaddition - ion pairs - organocatalysis
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9690; Angew. Chem. 2009, 121, 9870.
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Tomashenko, A. A. Tomashevskii, V. V. Sokolov, A. A. Pote-
khin, Russ. J. Org. Chem. 2007, 43,77; d) M. Abelman, R. Jiang,
J. Zablocki, D. Koltun (CV Therapeuticsm Inc), U.S. Patent
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7196.

No background reaction was observed in related intermolecular
Povarov reactions, despite the fact that a more electron-rich
dienophile (1-vinylpyrrolidin-2-one) was employed (see
Ref. [10a]).
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[21]

[22]

S. Hoffmann, A. M. Seayad, B. List, Angew. Chem. Int. Ed. 2005,
44, 7424; Angew. Chem. 2005, 117, 7590.

Preliminary experiments have shown that, under the same
reaction conditions, the corresponding Z-alkene isomer of 3a is
less reactive. Following a reaction time of 56 h, 4a was obtained
as a nearly 1:1 mixture of two diastereomers (both different from
the one obtained with 3a) in 61 % yield. One diasterecomer was
determined to have been formed with 53 % ee.

The starting material corresponding to 3a, in which the oxygen
linker was replaced with a methylene bridge, was equally
reactive but provided product in racemic form (d.r.=2:1).

For a selected study on the aggregation behavior of an organo-
catalyst, see: G. Tarkanyi, P. Kiraly, T. So6s, S. Varga, Chem. Eur.
J. 2012, 18, 1918.
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