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ABSTRACT

A novel Lewis acid catalyzed [3þ 3]-annulation process for the efficient syntheses of both tetrahydro-β-carbolines and tetrahydroisoquinolines
from readily available benzylic alcohols and aziridines was developed, which would be a highly valuable complement to the widely used
Pictet�Spengler reaction. A probable mechanism was proposed based on the isolation and characterization of two key intermediates. This
strategy enables facile access to important alkaloid frameworks not easily available with other known methods.

Tetrahydro-β-carbolines and tetrahydroisoquinolines
are highly important alkaloids with numerous valuable
biological activities and pharmaceutical applications.1

As to the construction of these two important structures
(Scheme 1), the century-old one-step Pictet�Spengler
reaction still stands out as one of the most direct, efficient
methods using amines and aldehydes as starting materials,
especially with the recent remarkable advances in the devel-
opment of various asymmetric catalytic versions.2 For
the syntheses of functionalized tetrahydroisoquinolines,
alternative ways have also been developed, including the

oxidative dehydrogenative coupling of tetrahydroisoquino-
lines with various nucleophiles,3 hydrogenation of 1-sub-
stituted 3,4-dihydroisoquinolines,4 and others.5 Most of
these existing strategies require substrates that already have
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the major molecular skeletons of the products or a prior
installation of a relatively labile free amino functionality in
one of themain startingmaterials. For example, the Pictet�
Spengler reaction, which could be viewed as a [5 þ 1]-
annulation strategy, requires theprepreparationof thenot-so-
stable tryptamines. These limitations would inevitably erode
into the product diversity of these methods. Furthermore,
most current methods could only provide the corresponding
products with substitutions at the 1-position, while access
to the 4-substituted products is extremely limited.2a Conse-
quently, a complementarymethod allowingmore diversified
syntheses of these valuable compounds would still be highly
desirable. We presumed a new strategy for this purpose: the
six-membered tetrahydropyridine ring in these two kinds of
alkaloids might be dissected into two three-atom synthons,
which could be assembled by a Friedel�Crafts alkylation
and an amine-benzylation process from the corresponding
benzylic alcohols and aziridines (Scheme 1).
Rare-earthmetal triflates have been referred to as a type

of environmentally benign efficient Lewis acid catalyst,
because they are usually stable, water-compatible, recover-
able, and reusable while still possessing strong catalytic
activity.6 These advantages have placed them among the
most privileged Lewis acid catalysts in organic synthesis.
Particularly, their unique high oxophilicity enables the use
of benzylic alcohols as green electrophilic benzylation re-
agents,whichusually generateswater as theonlybyproduct.7

Additionally, they have also showed high catalytic activities
in the ring opening of aziridines by many nucleophiles.8

However, the employment of these two processes in a single
system is rare. We report herein the applications of rare-
earth metal triflates as catalysts for a novel Lewis acid
catalyzed [3 þ 3]-annulation reaction, enabling accesses to
both 1- and/or 4-substituted tetrahydro-β-carbolines and
tetrahydroisoquinolines from simple starting materials un-
der mild conditions.
Our initial studies commenced with the reaction of

N-methyl-2-indolylmethanol 1a and aziridine 2a (Table 1).
In the absence of a catalyst, no reaction took place
(Table 1, entry 1). It is found that Sc(OTf)3 was the highly

efficient catalyst in catalyzing this reaction among the
catalysts screened. A screen of catalyst loading amounts
revealed that only 2 mol % was needed to complete the
reaction in 2 h in 1,2-DCE (1,2-dichloroethane), giving the
desired product 3a in 74%yield (Table 1, entries 2�4). It is
worth mentioning that the reaction is tolerant of moisture
and could be performed in commercial solvents under air.
The use of ScCl3 3 6H2O with weaker Lewis acidicity and
other rare-earth metal triflates like those of Y, La, and Yb
were inferior for this reaction (Table 1, entries 6�10).
Notably, the order of catalytic activity of these catalysts
for this reaction is also in a good accordance with their
Lewis acidity.9 Solvents such as nitromethane and THF
bearing coordinative O-atoms are highly detrimental to
the reaction (Table 1, entries 10�11). Thus the optimum
reaction conditions for the [3 þ 3]-annulation included 2
mol % of Sc(OTf)3 in 1,2-DCE for 2 h at reflux.

Scheme 1. General Direct Strategies for the Syntheses of
Tetrahydro-β-Carbolines and Tetrahydroisoquinolines

Table 1. Screen of the Reaction Conditionsa

entry cat. (x mol %) solvent time yieldb (%)

1 no catalyst 1,2-DCE 12 h 0

2 Sc(OTf)3 (10) 1,2-DCE 0.5 h 74

3 Sc(OTf)3 (5) 1,2-DCE 1 h 74

4 Sc(OTf)3 (2) 1,2-DCE 2 h 74

5 Sc(OTf)3 (1) 1,2-DCE 5 h 56

6 ScCl3 36H2O (10) 1,2-DCE 4 h 36

7 Y(OTf)3 (10) 1,2-DCE 4 h 55

8 La(OTf)3 (10) 1,2-DCE 12 h 46

9 Yb(OTf)3 (10) 1,2-DCE 1 h 62

10 Sc(OTf)3 (10) CHCl3 0.5 h 46

11 Sc(OTf)3 (10) CH3NO2 0.2 h 0

12 Sc(OTf)3 (10) THF 0.5 h 15

aReaction conditions: 1a (0.6 mmol), 2a (0.5 mmol), catalyst
(x mmol), solvent (3 mL). bYield of the isolated pure product.
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Next, a seriesof2-indolylmethanols1andaziridines2were
examined in the reactions to give 4-aryl-1,2,3,4-tetrahydro-
β-carbolinesunder theoptimizedreactionconditions (Table2).
For aziridines derived from different substituted styrenes,
substrates with electron-withdrawing substituents on the
benzene ring generally gave better yields of the products than
those with electron-donating ones (entries 1�7). A substitu-
ent at theο-position is detrimental to the yield of the product,
probably due to steric reasons (entry 5). The presence of an
aryl group, whichmight facilitate the opening of the aziridine
ring, is crucial for the reaction, and aziridines derived from
aliphatic alkenes failed to react in the present conditions. As
todifferent 2-indolylmethanols1, functional groups such as a
terminal alkene or alkyne in the substituent R1 were well
tolerated in the reaction,which allows for further elaboration
of the structure (entries 9�10). However, when electron-
withdrawing groups such as halogens are present at the
5-position of the indolyl ring, somewhat diminished yields
wereobtained (entries 11�14). Substrates1f and1gwith sub-
stituents at the 7- and 8-positions of the indole ring, respec-
tively, also participated in the reaction to give the desired
products (entries 15�16). The structures of the products 3a
and3kwereadditionally confirmedbyX-ray crystallographic
analyses.10

Subsequently, after some experimentation, the reaction
was successfully extended to electron-rich primary benzylic

alcohols, providing 4-aryl tetrahydroisoquinolines (Table 3).
Generally, compared to 2-indolyl methanols, these benzylic
alcohols are less reactive and a larger catalyst loading
(5 mol%) and a longer reaction time (15 h) were required.
The reactivity of aziridines is similar: electron-withdrawing
substituents (R3) on the benzene ring were more favorable
to the annulation than electron-donatingones (entries 2�6).
The use of 4-tert-butylphenylsulfonyl group gave a signifi-
cantly improvedyield (entry7),while changing theprotecting
group of the N-atom of the aziridines to a more electron-
deficient 4-nitrophenylsulfonyl group was deleterious to the
reaction (entry 8). Notably, substrate 4b with an acid-
sensitive acetal functionality was well-tolerated in the
reaction to furnish the desired products in comparable
yields (entries 9�11).

Then, we turned to the utilization of secondary diaryl-
methanols for the reaction, which provided 1,4-disubstituted
tetrahydroquinolines in a single step (Table 4). Although the
product yields obtained with these more sterically demand-
ing diarylmethanols were appreciably lower, the exclusive
diastereoselectivity was very remarkable: only the 1,4-cis
diastereomer was observed. Interestingly, contrary to the
above findings from the use of primary benzylic alcohols,
aziridines with electron-donating groups on the benzene
ring were more favored here (Table 4, entries 1�4). When
the diarylmethanol has two different aryl groups, not un-
expectedly, only the more electron-rich one participated in
the annulation process (Table 4, entry 5).
To gain some insight into the mechanism of this cascade

sequence, some controlled experiments were conducted
(Scheme 2). Terminating the reaction of 4a and aziridine

Table 2. Scope Study for the Syntheses of
4-Aryl-1,2,3,4-tetrahydro-β-carbolines 3a

entry R/R1 R2 3 yieldb(%)

1 H/CH3 (1a) Ph (2a) 3a (X-ray) 74

2 H/CH3 (1a) 4-FC6H4 (2b) 3b 77

3 H/CH3 (1a) 4-ClC6H4 (2c) 3c 75

4 H/CH3 (1a) 4-BrC6H4 (2d) 3d 72

5 H/CH3 (1a) 2-BrC6H4 (2e) 3e 46

6 H/CH3 (1a) 4-CH3C6H4 (2f) 3f 55

7 H/CH3 (1a) 4-tBuC6H4 (2g) 3g 57

8c H/CH3 (1a) (2h)c 3h 72

9 H/allyl (1b) Ph (2a) 3i 70

10 H/propargyl (1c) Ph (2a) 3j 68

11 5-F/CH3 (1d) Ph (2a) 3k (X-ray) 47

12 5-Cl/CH3 (1e) Ph (2a) 3l 55

13 5-Cl/CH3 (1e) 4-BrC6H4 (2d) 3m 68

14 5-Cl/CH3 (1e) 4-CH3C6H4 (2f) 3n 62

15 6-Cl/CH3 (1f) Ph (2a) 3o 72

16 7-CH3/CH3 (1g) Ph (2a) 3p 46

aReactionconditions:1 (0.6mmol),2 (0.5mmol), Sc(OTf)3 (0.01mmol),
1,2-DCE (3.0 mL). bYield of the isolated product. cN-(4-tert-Butylphenyl-
sulfonyl)-2-phenylaziridine 2h was used.

Table 3. Scope Study for the Syntheses of
4-Aryl-1,2,3,4-tetrahydroquinolines 5a

entry 4 2 (R3/ R4) 5 yieldb (%)

1 4a H/4-CH3C6H4 (2a) 5a 70

2 4a F/4-CH3C6H4 (2b) 5b 72

3 4a Cl/4-CH3C6H4 (2c) 5c 74

4 4a Br/4-CH3C6H4 (2d) 5d 74

5 4a CH3/4-CH3C6H4 (2f) 5e 69

6 4a tBu/4-CH3C6H4 (2g) 5f 66

7 4a H/4-tBuC6H4 (2h) 5g 76

8 4a H/4-O2NC6H4 (2i) 5h 55

9 4b H/4-CH3C6H4 (2a) 5i 68

10 4b Cl/4-CH3C6H4 (2c) 5j 73

11 4b CH3/4-CH3C6H4 (2f) 5k 67

aReactionconditions:1 (0.6mmol),2 (0.5mmol),Sc(OTf)3 (0.025mmol),
1,2-DCE (3.0 mL), 15 h. bYield of the isolated pure product.
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930713 (7) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data _request/cif.
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2a at an early stage (3 h) gave compound 6 as the major
product, which couldbe transformed into the final product
5a in fairly good yield under the same reaction conditions
after 15 h. In this process, another intermediate 7 (X-ray)
could be isolated (plus 5a) when the reaction was inter-
cepted at 6 h, and the isolated 7 underwent a fast conver-
sion (4 h) to 5a in good yield under the reaction conditions.
Based on these experimental findings and previous related
reports, aprobablemechanismfor the [3þ 3]-annulationwas

proposed, as illustratedby the formationof5a in Scheme3. It
is assumed that the reaction was initiated by a nucleophilic
ring-opening reaction of the aziridine by the benzylic alcohol
to give the intermediate 6.11 In the presence of the rare-earth
metal catalysts, 6 would then undergo an intramolecular
amination of the benzylic ether to give 7, which would
undergo an intramolecular Friedel�Crafts-type alkylation
to furnish the final product with one molecule of H2O as the
only byproduct. Two points of this process are noteworthy.
First, probably due to the rapid racemization of the aziridine
in the presence of a Lewis acid,12 the use of enantiomerically
enriched aziridine (S)-2a (>99%ee) led to racemic 6, which
was also transformed into racemic 5a in the same yield
under these reaction conditions. Second, the occurrence of
the intramolecular amination of the benzylic ether step from
6 to 7 is highly dependent on the electron nature of the
benzene ring, and electron-rich substituents are necessary:
using the simple electron-neutral benzyl alcohol only pro-
vided the ring-opening product 8 in high yield.13

In summary, a novel Lewis acid catalyzed [3þ 3]-annula-
tion strategy was developed for the construction of tetrahy-
dro-β-carbolines and tetrahydroisoquinolines. This efficient
practicalmethod features readily available startingmaterials,
a wide substrate scope, environmental benignity, easy opera-
tion, and mild reaction conditions. Such a new strategy
provides an excellent complement to other methods such as
the Pictet�Spengler reaction using a [5 þ 1]-annulation
strategy. Efforts toward the development of an enantioselec-
tive version of the [3 þ 3] annulation are underway.
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Table 4. Scope Study for the Syntheses of
1,4-Diaryl-1,2,3,4-Tetrahydroquinolines 5a

entry R1 R2 product yieldb (%)

1 H (4c) Ph (2a) 5l (X-ray) 43

2 H (4c) 4-ClC6H4 (2c) 5m 38

3 H (4c) 4-CH3C6H4 (2f) 5n 45

4 H (4c) 4-tBuC6H4 (2g) 5o 46

5 Cl (4d) Ph (2a) 5p (X-ray) 39

aReaction conditions: 4 (0.6 mmol), 2 (0.5 mmol), Sc(OTf)3 (0.025
mmol), 1,2-DCE (3.0 mL), 24 h. bYield of the isolated pure product.

Scheme 2. Controlled Experiments forMechanistic Study of the
[3 þ 3]-Annulation

Scheme 3. A Mechanistic Proposal for the [3 þ 3]-Annulation

(11) An alternate initiation step involving an intermolecular Friedel�
Crafts-type reaction between the electron-rich aromatic ring of the benzylic
alcohol and the aziridine could not be ruled out at present, though no
corresponding product was isolated from the reaction system. A control
experiment with the O-methylated analog of 4a also gave 5a in 52% yield
after 5 h.
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