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Catalysis with chiral secondary amines (asymmetric amino-
catalysis) has become a well-established and powerful syn-
thetic tool for modern synthetic chemistry.'! The impressive
level of scientific competition and high quality research
generated in this area have opened up new synthetic
opportunities that were considered inaccessible only a few
years ago. Even reactions that had been considered impos-
sible became a reality through aminocatalysis. One of the best
validations of this approach is the development of the
catalytic, asymmetric direct a-alkylation of aldehydes.”! This
highly challenging and valuable C—C bond-forming strategy"!
was completely unknown before the advent of asymmetric
aminocatalysis.[*! In 2004, Vignola and List presented the first
catalytic asymmetric intramolecular a-alkylation of haloal-
dehydes under enamine catalysis.”) They demonstrated the
ability of proline-derived catalysts to overcome the classical
drawbacks associated with the stoichiometric alkylation of
preformed aldehyde enolates, such as the tendency toward
aldol condensation and the Canizzaro or Tischenko reac-
tions.”l However, extension of their aminocatalytic strategy to
an intermolecular version failed because of deactivation of
the amine catalyst by N-alkylation with the alkyl halide.*

Thus, chemists started to search for different amino-
catalytic strategies to accomplish the challenging goal of an
intermolecular formal aldehyde o-alkylation.”! In 2006,
Ibrahem and Cérdova reported a non-asymmetric catalytic
intermolecular o-allylic alkylation of aldehydes by combina-
tion of transition-metal and enamine catalysis.®! More
recently, MacMillan and co-workers exploited a new amino-
catalytic activation concept, based on radical intermediates,
to solve the synthetic problems of the catalytic asymmetric o-
allylation,” arylation,” enolation,”™ and vinylation of
unmodified aldehydes.
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Herein, we report a new challenging strategy for the
asymmetric intermolecular enamine-catalyzed formal a-alky-
lation of aldehydes.” The novel approach is founded upon the
use of a reagent 1 (Scheme 1), which, because of the presence

Scheme 1. New approach for the intermolecular a-alkylation of alde-
hydes.

of a suitable leaving group, can generate a highly stabilized
carbocation that can readily intercept the enamine inter-
mediate.'”! L-Proline, a natural molecule that has played a
central role in the development of asymmetric aminocatal-
ysis,'!! proved to be the best catalyst for affording valuable
alkylation products with an indolic core in good yield and with
high level of stereoselectivity.

At the outset of our investigations, we identified the
nature of the alkylating agent 1 as the crucial point for the
development of an efficient formal alkylation strategy.
Recently, we introduced 3-(1-arylsulfonylalkyl)indoles as
suitable electrophilic precursors.'” The sulfonyl moiety at
the benzylic position of 3-substituted indoles constitutes a
good leaving group, which under basic or acidic conditions
allows the generation of an electrophilic species that is able to
react with nucleophiles. With this in mind, and convinced of
the compatibility between a chiral secondary amine and a
stronger base, necessary for the insitu generation of the
actual alkylating intermediate, we sought to develop a simple
protocol for the aminocatalytic formal alkylation of alde-
hydes. For the exploratory studies, we selected the reaction
between propanal and the bench-stable sulfonylindole 1a,
leading to the 3-substituted indole 2a with two adjacent
stereocenters (Table 1).

Initial results revealed that, of the bases tested, whether
organic or inorganic, only KF supported on basic alumina was
able to promote the insitu formation of the electrophilic
compound from 1la. Surprisingly, in such a heterogeneous
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Table 1: Optimization studies.””

o| Ph chiral amine (20 mol%) '?h
H * QII/LSOZTOI o tese | i ceHo
Me Me
el e
OTMS " o NMe
N~ ~COH %ph [Nj\// N j: \(Me
H H ph H HN-N g N Me
A B c p H.bca
Entry Cat. Base Solvent  Yield [%]™ d.rd ee [%]
1 A KCO, CH,Cl, © - -
2 A DBU CHCl, <5 - -
3 A KF/aluminal  CH,Cl, 51 3:1 86
4 B-D KF/aluminal? CH,l, <5 - -
5 A KF/aluminal  toluene 45 251 74
6 A KF/aluminal  CHCl, 63 3:1 75
7 A KF/alumina® THF <10 - -
8 A KF/aluminal acetone 0 - -
9 A KF/alumina  CH,Cl, 86 5:1 90

[a] Reactions carried out on a 0.1 mmol scale using 3 equiv of propanal;
DCA=dichloroacetic acid; DBU =1,8-diazabicyclo[5.4.0]undec-7-ene.
[b] Yield of isolated product. [c] Determined by '"H NMR spectroscopy
of the crude mixture. [d] Determined by chiral HPLC analysis. [e] 80 mg
per 0.1 mmol. [f] 40 mg per 0.1 mmol.

system only L-proline provided catalytic activity, leading to
the formation of 2a in good yield and reasonable stereose-
lectivity (Table 1, entry 3). All the other chiral secondary
amines tested (B-D) failed in promoting the reaction
(Table 1, entry 4), highlighting the crucial function of the
carboxylic group of A. We also found a trend toward
increased rates and stereoselectivity as the polarity of the
solvent decreased (Table 1, entries 5-8). The best result in
terms of both yield and stereocontrol was achieved by
performing the proline-catalyzed reaction in CH,Cl, and
adjusting the amount of the KF on alumina (Table 1, entry 9).
These catalytic conditions were selected for further explora-
tion aimed at expanding the scope of this transformation.

As portrayed in Table 2, the method proved to be
successful for a wide range of aliphatic aldehyde substituents,
including alkenyl and heterosubstituted groups (entries 1-6,
d.r.>4.5:1, 86-90 % ee).

Using isovaleraldehyde, structural variation in the alky-
lating reagent 1 was then briefly inspected (Table 2, entries 7—
11). Whereas the presence of different substituents R* on the
aryl group had apparently little influence on the stereochem-
ical outcome of the reaction (Table 2, entries 7-9), the steric
nature of the indole core had a direct effect on the
stereoselectivity (Table 2, entries 10 and 11): that is, the lack
of a 2-substituent on the indolic scaffold drastically lowered
the stereoselectivity (Table 2, entry 11).!") Finally, also sulfo-
nyl indole with an aliphatic R? substituent can be employed,
although the a-alkylation product 21 was isolated with
moderate stereoselectivity (d.r. 1.5:1, 75% ee; Table 2,
entry 12).

The relative and absolute configuration of compound 2d
was determined to be 2R,3S by anomalous dispersion X-ray
crystallography of the corresponding tosylated alcohol 3,
obtained by simple aldehyde reduction (Figure 1).'4!
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Table 2: Scope of the proline-catalyzed intermolecular a-alkylation of
aldehydes ™

) L-proline
o R (20 mol%) R?
g . \ SO, Tol KF/alumina " _CHO
R N~ R? CH,Cl, 0.1m HN .
H 1 RT, 40h R 2
Entry R' R? R® 2 Yield[%]" drld ee[%]9
1 Me Ph Me a 86 5:1 90
2 Et Ph Me b 92 6.5:1 86
3 iPr Ph Me ¢ 79 8:1 90
4 PhCH, Ph Me d 74 6:1 89
5 MeSCH, Ph Me e 77 4.5:1 88
6 allyl Ph Me f 75 5:1 88
7 iPr p-Br-CgH, Me g 80 12:1 92
8 iPr p-MeO-CgH, Me h 82 7:1 84
9 iPr p-Me-CgH, Me i 78 711 88
10 iPr Ph Ph j 77 31 88
11 iPr Ph H k 80 31 11
12 Me pentyl Ph 1 63 1.5:1 75

[a] Reactions carried out on a 0.2 mmol scale using 3 equiv of aldehydes
and 80 mg of KF on alumina. [b] Yield of isolated product. [c] Determined
by '"H NMR spectroscopy of the crude mixture. [d] Determined by chiral
HPLC analysis.

Figure 1. X-ray crystal structure of compound 3.

At this point of our investigations, a detailed mechanistic
explanation of the stereodifferentiation appears premature.
However, all the experimental evidence supports the direct
involvement of the carboxylic group of proline.!'”)

Although rationalization of the catalytic system is com-
plicated by the presence of a heterogeneous basic support, a
crucial role of the acid may be envisaged when considering
the likely formation of intermediate 4 after deprotonation
and loss of the leaving group of 1 (Scheme 2). Protonation of
this vinylogous imino derivative 4 by the carboxylic group of
the catalyst would strongly activate the system toward a
nucleophilic attack, resembling iminium ion activation.!"
However, formation of the carbocation, which would pre-
serve the aromaticity of the indolic core, and its involvement

Ph Ph o Ph
P y .
SO,Tol —> e -—
J 2 . P \
HN 1 KF/alumina N7 N+ N
4 H |
H

Scheme 2.
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in the C—C bond-forming event may also be envisaged.'*!”!

Within this mechanistic framework, the derived proline
anionic enamine species might engage in electrostatic asso-
ciation through the pendant carboxylate group with the
positively charged intermediate.'® This hypothesis is consis-
tent with the lack of reactivity of the secondary amines B-D
tested and the deleterious effect of polar reaction media on
both reactivity and stereoselectivity.!'")

In summary, we have discovered a novel strategy for the
enamine-catalyzed formal a-alkylation of aldehydes. The use
of L-proline allows easy access to relevant 3-indolyl deriva-
tives 2 with high diastereo- and enantiocontrol, affording an
easy alternative to the classical Friedel-Crafts route to these
compounds.”” Further studies are focusing on the extension
of the method and on complete comprehension of the
mechanism involved. !
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considerations. Theoretical studies are underway to shed more [21] Note added in proof: After acceptance of this manuscript, the

light on the mechanistic path. asymmetric intermolecular o-alkylation of aldehydes with

[20] A stereoselective Friedel-Crafts approach to 2 should be based activated alkyl halides has been accomplished, exploiting the
upon an asymmetric addition to a,B-disubstituted unsaturated combination of photoredox catalysis with emamine catalysis:
aldehydes, a challenging yet elusive transformation. For a D. A. Nicewicz, D. W. C. MacMillan, Science 2008, DOI1:10.1126/
different organocatalytic entry to 2, see: Y. Chi, S. T. Scroggins, science.1161976.
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