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ABSTRACT: A conjugate-base-stabilized Brønsted acid facil-
itates catalytic enantioselective Pictet−Spengler reactions with
unmodified tryptamine. The chiral carboxylic acid catalyst is
readily assembled in just two steps and enables the formation
of β-carbolines with up to 92% ee. Achiral acid additives or in
situ Boc-protection facilitate catalyst turnover.

Over a century after its discovery, the Pictet−Spengler
reaction1 continues to pose challenges with regard to

enantioselective catalysis.2 Methods to access chiral tetrahy-
droisoquinolines via catalytic enantioselective Pictet−Spengler
approaches remain elusive, and there is still no general solution
to the prototypical Pictet−Spengler reaction of unmodified
tryptamine with simple aldehydes.2 The major difficulty in
rendering these transformations catalytic enantioselective lies in
the relatively low electrophilicity of β-phenylethylamine- or
tryptamine-derived imines or iminium ions. A further challenge
is posed by the enhanced basicity of the products over the
starting materials, leading to problems of product inhibition
and catalyst turnover. Here we report a strategy that addresses
some of these limitations.
All challenges notwithstanding, impressive advances in

asymmetric Pictet−Spengler methodology have been made in
recent years.2 While some issues have been addressed with
stoichiometric3 and enzymatic4 approaches, the first small-
molecule catalyzed enantioselective variant was reported by the
Jacobsen group in 2004.5 Their elegant strategy was based on in
situ generated acyliminium ions, thus overcoming the
inherently low reactivity of the corresponding imines.6

Alternative approaches by List, Hiemstra, Jacobsen, and others
have focused on modified tryptamines7 and related but more
reactive arylamines.8 Catalytic enantioselective Pictet−Spengler
reactions have also been reported with relatively electrophilic
imines derived from isatin and tryptamine.9 In addition,
interesting catalytic enantioselective cascade approaches have
been disclosed that involve a diastereoselective Pictet−Spengler
step.10

An insightful study by Jacobsen et al. nicely illustrates the
difficulty one faces when attempting to develop an
enantioselective Pictet−Spengler reaction with unmodified
tryptamine (Scheme 1).7e A reaction of 6-methoxytryptamine
with 2-bromobenzaldehyde, performed at rt for 11 h and
catalyzed by 20 mol % of each a thiourea catalyst and benzoic
acid, readily provided the corresponding product in good yield
and excellent ee. In stark contrast, the otherwise identical
reaction with unmodified tryptamine required one equivalent of

benzoic acid and elevated temperatures. Following an extended
reaction time of 10 days, the expected product was isolated in
moderate yield albeit with excellent ee.
We were hoping to overcome the low reactivity of

tryptamine-derived iminium ions by applying our concept of
internally conjugate-base-stabilized Brønsted acid catalysis
(Scheme 2).11,12 In essence, the cooperative action13,14 of a
catalyst with an acidic functional group and a covalently linked
anion-recognition site15−17 is thought, upon substrate proto-
nation, to result in a rigid substrate/catalyst ion pair. Since
hydrogen bonding between the ions is expected to be
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Scheme 1. Precedent by Jacobsen et al.

Scheme 2. Internal Anion-Binding Concept for Asymmetric
Brønsted Acid/Chiral Anion Catalysis
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minimized in this scenario, the protonated substrate should
display enhanced electrophilicity.
A number of carboxylic acids equipped with anion-

recognition sites were evaluated for their ability to catalyze
Pictet−Spengler reactions in enantioselective fashion.18 The
reaction of tryptamine with p-chlorobenzaldehyde was selected
as the model reaction (Table 1). Due to the known sensitivity

of the products7e and to facilitate ee determination, the initially
formed tetrahydro-β-carbolines were Boc-protected prior to
purification. As summarized in entries 1−8, a number of
catalysts were capable of promoting the title reaction while
others proved to be unreactive. The best result was obtained
with catalyst 1d (entry 4), a carboxylic acid that is readily
available in just two steps from (1R,2R)-cyclohexane-1,2-
diamine.11 Following a reaction time of 48 h, product 2a was
isolated in only 37% yield but with excellent enantioselectivity
(94% ee). Unfortunately, extension of the reaction time to 72
or 96 h did not result in any noticeable increase in yield (entries
10 and 11). These results are indicative of product inhibition.
In order to improve catalyst turnover, we evaluated a number

of achiral Brønsted acids as additives (Table 2).19 The rationale
for these experiments is based on the idea that an achiral acid
that by itself is incapable of promoting the racemic background
reaction may serve to protonate the product thus reducing the
degree of product inhibition. A poorly soluble acidic additive

may be ideal as it could cause the formation of relatively
insoluble product salts, again facilitating catalyst turnover.
Interestingly, addition of acetic acid (which is incapable of
promoting the title reaction by itself) led to a slight but
measurable drop in enantioselectivity without having an effect
on the yield (entry 1). Benzoic acid led to a more pronounced
drop in yield and ee (entry 2). A number of other acids
including immobilized acids did not have a positive effect on
the reaction outcome. Relatively strong acids such as 3,5-
bis(trifluoromethyl)benzoic acid and trifluoroacetic acid
improved substrate conversion (entries 6 and 7). However,
the ee of the product dropped dramatically in these instances.
Remarkable improvements in conversion without adverse effect
on ee were observed with the relatively strong but poorly
soluble oxalic acid (entry 9) and malonic acid (entry 10).
Malonic acid as an additive provided the best result, resulting in
near quantitative yield of product 2a with 93% ee.
Unfortunately, an attempt to lower the catalyst loading to 10
mol % without extending the reaction time led to incomplete
conversion (entry 12). Furthermore, it proved difficult to
extend the use of malonic acid as an additive to other
aldehydes.
As an alternate strategy that could serve to circumvent or at

least reduce product inhibition, we explored the in situ Boc
protection of the tetrahydro-β-carboline product. To facilitate
this pathway and to minimize the formation of N-Boc-
tryptamine,20 aldehyde and tryptamine were allowed to first
undergo imine formation in situ by stirring for 12 h in the
presence of molecular sieves prior to the addition of catalyst 1d
and (Boc)2O. This proved to be a viable strategy that allowed
for a reduction in catalyst loading to 10 mol %.21 Furthermore,
the replacement of 4 Å MS with 3 Å MS was found to have a
beneficial effect on substrate conversion without affecting
product ee’s.
A range of electronically diverse benzaldehydes with different

substitution patterns were tested under the optimized
conditions (Scheme 3). Benzaldehydes bearing electron-
withdrawing substituents in the para position formed the
corresponding tetrahydro-β-carbolines in high yields and
enantioselectivities (2a−e). While simple benzaldehyde also
produced the corresponding product (2h) in good selectivity,

Table 1. Evaluation of Catalystsa

entry catalyst time (h) yield (%) ee (%)

1 1a 48 NR
2 1b 48 10 20
3 1c 48 33 92
4 1d 48 37 94
5 1e 48 9 66
6 1f 48 NR
7 1g 48 NR
8 1h 48 NR
9 1i 48 38 56
10 1d 72 36 94
11 1d 96 38 94

aReactions were performed on a 0.2 mmol scale. Yields are isolated
yields (over two steps) of chromatographically purified compounds.
The ee’s were determined by HPLC analysis.

Table 2. Evaluation of Acid Additivesa

entry additive (mol %) yield (%) ee (%)

1 acetic acid (100) 37 85
2 benzoic acid (100) 16 80
3 4-trifluoromethylbenzoic acid (100) 41 79
4 Amberlyst 15 (200) 21 81
5 Amberlite CG-50 (200) 32 94
6 3,5-bis(trifluoromethyl) benzoic acid (100) 81 36
7 trifluoroacetic acid (100) 95 rac
8 terephthalic acid (100) 37 94
9 oxalic acid (100) 85 95
10 malonic acid (100) >95 93
11 citric acid (100) 34 92
12b malonic acid (100) 48 94

aSee footnote a, Table 1. bwith 10 mol % of catalyst 1d.
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p-methyl- and p-methoxybenzaldehyde were found to be poor
substrates. The reaction was less sensitive to substitution on
other positions of the phenyl ring. Products derived from
aliphatic aldehydes were obtained in poor yields and modest
enantioselectivities. Overall, the substrate scope complements
that of Jacobsen’s acyl-Pictet−Spengler reaction with trypt-
amine, which is ideally suited for aliphatic but not aromatic
aldehydes.5

In summary, we have demonstrated the utility of conjugate-
base-stabilized Brønsted acid catalysis in the context of
challenging Pictet−Spengler reactions with unmodified trypt-
amine. Further applications of this concept are currently being
developed in our laboratory.
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