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Direct, one-pot, operationally simple, and highly enantioselective iso-Pictet—Spengler reactions are reported. The reactions involve the
condensation of either (1H-indol-4-yl)methanamine or 2-(1H-Indol-1-yl)ethanamine with a variety of a-ketoamides, followed by the addition of a
simple and commercially available chiral silicon Lewis acid. These reactions are the first asymmetric examples of these cyclization modes and
provide access to 3,3-disubstituted-1,3,4,5-tetrahydropyrrolo[4,3,2-delisoquinolines and 1,1-disubstituted-1,2,3,4-tetrahydropyrazino[1,2-a]-
indoles, respectively, two relatively underexplored indole-based core structure motifs in medicinal chemistry.

The indole version' of the venerable Pictet—Spengler
reaction” provides access to tetrahydro--carbolines, and it
is only recently that significant progress has been made
toward the development of enantioselective variants.’
Most notably, Jacobsen and co-workers have developed
a suite of asymmetric Pictet—Spengler reactions based on
the extraordinary and elegant concept of anion binding by
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chiral thiourea catalysts.* Despite these truly conceptually
pioneering advances, however, the asymmetric Pictet—
Spengler reaction remains an at least partly, if not largely,
unsolved problem if success is defined as the ability to take
an unmodified tryptamine (directness), react it with any
aldehyde or ketone (scope) under operationally simple,
inexpensive, and otherwise practical reaction conditions
(practicality), and isolate the product in good yield and in
highly enantiomerically enriched form (generality and
applicability in complex settings). Such attributes are far
more directly correlated with widespread adoption of a
given asymmetric method than is, for example, the amount
of chiral inducer employed.’

To that end, we reported in 2009 a direct asymmetric
Pictet—Spengler reaction with unmodified tryptamines
and o-ketoamides promoted by (S.S)-1.° a simple, versatile,
and commercially available silicon Lewis acid” (Figure 1a).
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This method remains the only general way to access a
variety of 1,1-disubstituted tetrahydro-B-carbolines®” in a
highly enantioselective fashion and at the same time is also
one of the only direct and one of the more practical
asymmetric Pictet—Spengler reactions reported to date.
Given that we had in hand an operationally simple and
practical method that can uniquely provide access to
potentially valuable products, we decided to investigate
whether the success of our method could be extended to
indole-based core structures other than tetrahydro-S-car-
bolines. Here too, Jacobsen has provided the seminal
contribution in the form of what was termed an “iso-
Pictet—Spengler reaction” that provides the first and only
enantioselective method to access tetrahydro-y-carbolines. '
This is not the only possible iso-Pictet—Spengler reaction,
however, as at least two other variants, those employ-
ing amines 2 and 3, may be imagined (Figure 1b and c).
The only precedent at all for any asymmetric version
of either of these two cyclization modes is a very recent
report describing an enzymatic reaction between 3 and
secologanin.'’ Because the hypothetical products of these
reactions might therefore represent potentially interesting
yet underexplored indole core structure space in medicinal
chemistry terms, we decided to examine whether our
asymmetric Pictet—Spengler methodology would be ap-
plicable in these contexts.
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Figure 1. (a) Enantioselective Pictet—Spengler reactions with
tryptamine and o-ketoamides. (b) A proposed iso-Pictet—Spen-
gler reaction to access 3,3-disubstituted-1,3,4,5-tetrahydropyr-
rolo[4,3,2-delisoquinolines. (c) A proposed iso-Pictet—Spengler
reaction to access 1, 1-disubstituted-1,2,3,4-tetrahydropyrazino-
[1,2-alindoles.

Our investigations began with (1H-indol-4-yl)metha-
namine 2'? and a-ketoamide 4a (Ar = 2.6-diflourophenyl),
as prior experience alerted us to the fact that the choice of
the aryl group on the amide was critical to the successful
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optimization of both efficiency and enantioselectivity and
2,6-difluorophenyl had proven to be one of the more
effective aryl groups in this regard (Scheme 1). Gratify-
ingly, we quickly found that the reaction was indeed
feasible and provided the desired product 6a with generally
high levels of enantioselectivity (=90% ee) depending on
solvent and reaction temperature. However, these explora-
tory reactions, which involved isolation of the imine 5a
prior to the cyclization step, were also characterized by
variable and generally low overall yields, a problem we
attributed to the instability of the imine 5a. We therefore
turned our attention to the development of a one-pot
procedure, and this proved straightforward and effective.
Thus, simply heating 2 and 4a in refluxing benzene with a
Dean—Stark trap and then adding silane 1 led to the
isolation of 6a in 63% yield and 92% ee.

Scheme 1. Development of a One-Pot Enantioselective Iso-
Pictet—Spengler Reaction with Amine 2 and a-Ketoamide 4a

NH, u

N\
Ph Ar
reflux

benzene \ (3 51
5a

== _ 2 +

generally 290% ee,

[Ar = 2,6-difluorophenyl] but only ~25-40% yields

H
NH . H Ph Rear
i. benzene, reflux
+ Ph )S( (w/ Dean- Stark) 0
\ da ii. 1. 5eqU|v(SS)1 N
benzene, reflux N 63%,
2 6a H 92% ee

The one-pot procedure proved generally effective for a
range of o-ketoamides as illustrated by the results de-
scribed in Table 1. Both aromatic (entries 1—3) and
aliphatic ketones (entries 4—8) generally reacted with
excellent levels of enantioselectivity, while the aliphatic
ketones generally provided higher yields. The only outlier
in terms of enantioselectivity was the 3-pyridyl ketone 4c
(entry 3), but this was not completely unexpected as we have
had prior indications that Lewis basic groups can interfere
with the smooth operation of the silane Lewis acid.'
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Despite this reduced enantioselectivity, the reaction still
facilitates access to the product 6¢ with useful levels of
enantioselectivity, and it is likely that, should the need
arise, the enantiopurity of the product could be increased
by recrystallization.

Table 1. Scope of the Iso-Pictet—Spengler Reaction of 2 with
a-Ketoamides 4 Promoted by (S,S)-1

Ar = 2,6-difluorophenyl H
NH, [ phenyl] HR o,
0 H i. benzene, reflux, 16 h
N (w/ Dean-Stark trap) e}
N\ * R Ar — - = AN
4 ii. 1.5 equiv (8,5)-1
N 0o benzene, reflux, time N
2 H 6 H

entry a-ketoamide (R) time (h) product yield (%) ee (%)°

the reaction described in Scheme 2 was an outlier (Table 2).
Thus, a variety of both aliphatic and aromatic ketones
generally provided good to excellent yields and enantios-
electivities (entries 1—7). It was also demonstrated in this
series that the corresponding 5-bromo derivative of 3
provided good results with 4d (entry 8), albeit with a drop
in reaction efficiency relative to that of entry 4.

Table 2. Scope of the Iso-Pictet—Spengler Reaction with 2-(1H-
Indol-1-yl)ethanamine 3 and o-Ketoamides Promoted by (S,S)-1

(o]
y [Ar = 2,6-difluorophenyl]

~, (o]

: A I flux, 16 h R

4 i. toluene, reflux, M

@ + o (w/ Dean-Stark trap) Nt N’Ar
> H
N ii. 1.5 equiv (5,9)-1 N NH
3 \\/NH2 toluene, reflux, time 7

1 4a(Ph) 24 6a 63 92
2 4b (p-BrC¢Hy) 24 6b 67 96
3 4c (3-pyridyl) 24 6c 66 82
4  4d (n-Pr) 8 6d 83 98
5  d4e (n-Hex) 10 6e 86 98
6  4f(-Bu) 8 6f 87 98
7 4g(-Pr) 24 6g 77 94
8  4h(c-Hex) 24 6h 70 90

“Isolated yield after purification. ® Determined by chiral HPLC
analysis.

When we turned our attention to the use of (commercially
available) 2-(1 H-indol-1-yl)ethanamine 3 in the iso-Pictet—
Spengler reaction, we were gratified to find that the
reaction required almost no optimization. The only mod-
ification that proved necessary was to employ toluene as
the solvent instead of benzene, to allow for a necessary
increase in the reaction temperature due to the relative
sluggishness of the reaction. Thus, simply heating 3 and 4a
in refluxing toluene with a Dean—Stark trap and then
adding (S,S)-1 produced 7a in 55% yield and 90% ee
(Scheme 2). This is not the first time we have observed high
levels of enantioselectivity in refluxing toluene with this
family of silane Lewis acids,'* and this result stands as
another testament to their robustness. The lower rate of
reaction in this cyclization mode may presumably be
attributed to the lower nucleophilicity of the 2-position
of the indole.

Scheme 2. Optimization of an Iso-Pictet—Spengler Reaction
with 2-(1H-Indol-1-yl)ethanamine 3 and a-Ketoamide 4
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An examination of the scope of the reaction with amine 3
revealed that, for the most part, the moderate efficiency of
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entry a-ketoamide (R) time (h) product yield (%)* ee (%)°

1 4a (Ph) 30 7a 55 90
2 4b (p-BrCgH,) 30 7b 70 88
3 4c¢ (3-pyridyl) 30 7e 60 86
4  4d (n-Pr) 8 7d 89 92
5 4f (i-Bu) 10 7f 90 92
6  4g(-Pr) 24 7g 57 96
7 4i (CH5(CHy)13) 5 7i 89 90
8  4d (n-Pr) 8 8? 65 90

“Tsolated yield after purification. ® Determined by chiral HPLC
analysis. “2-(5-Bromo-1H-indol-1-yl)ethanamine was used in this ex-
periment in place of 3. “The product of this reaction (8) is the 5-bromo
derivative of 7d. See the Supporting Information.

Finally, in an effort to alleviate any concerns about the
use of 1.5 equiv of the silane Lewis acid,'” we have revisited
the reactions of 2 and 3 with 4d on a 10 and 8 mmol scale,
respectively, and with a reduced silane loading of 1.3 equiv
(Scheme 3). The products 6d and 7d were isolated by
recrystallization in 92% and 94% yields and 99% and
98% ee, respectively. Importantly, and as we have demon-
strated in other contexts,®'® the pseudoephedrine was
recovered by simple extraction in both experiments. Thus,
by any objective measure, these reactions score very highly
for practicality, efficiency, atom-economy, and user-
friendliness, all while providing unique access to novel
and interesting enantiomerically highly enriched structures
that may be of use in medicinal chemistry applications.

We have devised two new asymmetric iso-Pictet—Spen-
gler reactions of aminoindoles 2 and 3 with a variety of
o-ketoamides promoted by the simple and commercially
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8, 6119.
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This problem is mitigated substantially as the scale of the reactions
increases.
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Scheme 3. “Large” Scale (§8—10 mmol) Reactions with Product
Isolation by Recrystallization and Pseudoephedrine Recovery
by Extraction Demonstrate the Utility and Practicality of the
Iso-Pictet—Spengler Reactions

H n-Pr H
NH, o N N~Ar
H i. benzene, reflux
N w/ Dean-Stark]
\ + n.Pr)H( SAr % \ o]
ad ii. 1.3 equiv (5,9)-1
N 0o benzene, reflux N
2 H iii. purification by 6d H
10 mmol recrystallization 92%, 99% ee
(+ 87% recovery of
[Ar = 2,6-difluorophenyl] pseudoephedrine)
H
n'Pr)k(N\Af i. toluene, reflux n-pr i
@ 4d o) (w/ Dea’n-Stark) Nt N’Ar
_— H
+ ii. 1.3 equiv (5,5)-1 N NH
N NH toluene, reflux 7d \—/
3 " iii. purification by 94%, 98% ee
8 mmol recrystallization (+ 99% recovery of
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available chiral silane Lewis acid 1. These operationally
simple, practical, and scalable reactions facilitate unique
access to two relatively underexplored indole core structure
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motifs (3,3-disubstituted-1,3.,4,5-tetrahydropyrrolo[4,3,2-de]-
isoquinolines and 1,1-disubstituted-1,2,3,4-tetrahydro-
pyrazino[l,2-alindoles) and provide additional examples
of the remarkable generality and versatility of silane 1.”
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