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Aromatic molecules represent an attractive class of feedstock
compounds for organic synthesis because of their ready
availability, their stability, and the wealth of classical and
modern chemistry available for their preparation and manip-
ulation. The development of enantioselective, catalytic meth-
odologies that engage aromatic p systems as substrates offers
particular promise for synthetic applications. Despite this
potential, it is only recently that aromatic frameworks have
been employed successfully as electrophiles[1] or nucleo-
philes[2] in asymmetric, catalytic reactions, and many impor-
tant challenges in this area remain unmet. The addition of
carbon-centered nucleophiles to nitrogen-containing hetero-
aromatic compounds is a particularly interesting problem, in
light of the potential impact of such a methodology on
alkaloid synthesis. Diastereoselective reactions controlled by
chiral auxiliaries currently constitute the state-of-the-art
methods for the majority of stereocontrolled transformations
of this type.[3] The elegant alkaloid syntheses of Comins et al.
based on diastereoselective nucleophilic additions to chiral
(4-methoxy)acylpyridinium derivatives illustrate the utility of
such approaches.[4] Only one enantioselective, catalytic
method for the addition of carbon-centered nucleophiles to
aromatic nitrogen heterocycles has been developed to date:
the aluminum-catalyzed acylcyanation of quinolines, isoqui-
nolines, and pyridines (the Reissert reaction) developed by
Shibasaki and co-workers.[1a–d] Herein, we report the first
example of an asymmetric, catalytic addition of enolate
equivalents to heteroaromatic electrophiles. This acyl-Man-
nich reaction,[5] catalyzed by a chiral thiourea derivative,
provides access to useful enantioenriched dihydroisoquino-
line building blocks.[6]

N-Alkylations or N-acylations of nitrogen-containing
heteroaromatic compounds give rise to highly electrophilic
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iminium or acyliminium ions that are susceptible to a variety
of addition reactions. There are very few examples of the
asymmetric catalysis of such additions,[1a–e] a fact that may
reflect, to some extent, the difficulty in the development of
catalysts capable of the activation of such intermediates. In
that context, we were highly encouraged by the discovery that
chiral thiourea 1 catalyzes an enantioselective acylative
variant of the Pictet–Spengler reaction (Scheme 1). The

possibility that 1 can activate a putative intermediate
acyliminium ion towards enantioselective cyclization by
hydrogen-bond donation[7,8] prompted us to study its appli-
cation to the reactions of acyliminium ions derived from
nitrogen heterocycles.

In light of the prevalence of the 1-substituted tetrahy-
droisoquinoline motif in alkaloid architecture,[9] we selected
isoquinoline as a model substrate (Table 1). The enantiose-
lectivity of acyl-Mannich-type reactions catalyzed by 1 was
found to depend strongly on the nature and structure of the
acylating agent and nucleophile. A screen of acylating agents
was performed using the O-tert-butyldimethylsilyl (TBS)
ketene acetal derived from methyl acetate as the nucleo-
phile.[10] Acetyl chloride, the optimal reagent for enantiose-

lective Pictet–Spengler reactions, furnished the acyl-Mannich
product in poor enantiomeric excess (28% ee ; entry 1). More
encouraging results were obtained using chloroformates
(entries 2–5), with which tuning of the alkoxy substituent
had a pronounced effect upon enantioselectivity. The dihy-
droisoquinoline product was obtained in a promising 82% ee
by using 2,2,2-trichloroethyl chloroformate (TrocCl). Further
improvement upon this result was realized by variation of the

structure of the nucleophile
(entries 5–7), with the best
result provided by the silyl
ketene acetal derived from iso-
propyl acetate. The acyl-Mannich
reaction of isoquinoline pro-
ceeded in 80% yield with
86% ee under the optimized con-
ditions.

Despite markedly different
dependences of enantiomeric
excess upon the structure of the
acyl group, the acyl-Mannich and
acyl-Pictet–Spengler reactions
share several common features.
Pronounced solvent effects were

observed in both cases, with diethyl ether affording the
highest enantioselectivity. In addition, 1 is the optimal catalyst
identified to date for both reactions.[11] In particular, the
ee values of both the acyl-Mannich and acyl-Pictet–Spengler
reaction exhibit a dramatic dependence upon the substitution
pattern of the pyrrole moiety (Table 2). The crystal structure
of 1 may help to explain this behavior (Figure 1).[12] The
orientation of the 2-methyl-5-phenylpyrrole structural motif
places the phenyl group in position to interact closely with any
species that undergoes hydrogen-bonding interactions with
the acidic thiourea protons (Figure 1).[13] In the solid state, 1
exists as a dimeric structure through bifurcated hydrogen-

Scheme 1. Enantioselective acyl-Pictet–Spengler reaction catalyzed by 1.

Table 1: Optimization of the acylating agent and nucleophile.

Entry R R’ Yield [%][a] ee [%][b]

1 Me Me 80 28
2 OBn Me 60 41
3 OC(CH3)2CCl3 Me 70 47
4 OCH2(fluorenyl) Me 75 64
5 OCH2CCl3 Me 65 82
6 OCH2CCl3 Bn 80 73
7 OCH2CCl3 iPr 80 86[c]

[a] Yield of isolated product after column chromatography. [b] Enantio-
meric excess determined by supercritical fluid chromatography (SFC)
using commercially available chiral stationary-phase columns. [c] Reac-
tion temperature was �70 8C.

Table 2: Dependence of reaction enantioselectivity on catalyst structure.

Entry R R’ Yield [%][a] ee [%][b]

1 Me Me 60 30
2 Ph Ph 55 78
3 Me Ph 55 85

[a] Yield of isolated product after column chromatography. [b] Enantio-
meric excess determined by SFC using commercially available chiral
stationary-phase columns.
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bonding interactions between the thiourea N�H protons and
the amide carbonyl group.[14]

A number of substituted dihydroisoquinolines are acces-
sible through this new methodology (Table 3) and serve as

precursors to enantioenriched 1-substituted tetrahydroisoqui-
nolines: hydrogenation of the enamide moiety and reductive
cleavage of the trichloroethyl carbamate group occur in good
yield without detectable racemization (Scheme 2).[15] Thus,
this method represents a straightforward approach to the
preparation of enantioenriched heterocycles with potential

utility for alkaloid synthesis from stable, readily accessible
aromatic starting materials. For certain applications, this
methodology may prove complementary to the Pictet–
Spengler reaction, both in terms of electronic requirements
(both electron-rich and electron-poor products may be
accessed) and regioselectivity (the substitution pattern of
the product is determined only by the choice of the isoquino-
line starting material). In addition, this study demonstrates
that thiourea catalyst 1mediates two distinct enantioselective
transformations of N-acyliminium ions: intramolecular Frie-
del–Crafts reactions of acyliminium ions derived from acyclic,
aliphatic imines (the acyl-Pictet–Spengler reaction) and
intermolecular Mannich reactions of acylisoquinolinium
ions. Further extension of this mode of catalysis to encompass
other reactions of N-acyliminium intermediates and inves-
tigation of the mechanism by which these electron-poor
species are activated by a hydrogen-bond donor are the focus
of future study.

Experimental Section
General procedure for acyl-Mannich reactions catalyzed by 1: 1-
Isopropoxycarbonylmethyl-1H-isoquinoline-2-carboxylic acid 2,2,2-
trichloroethyl ester (Table 3, entry 1): Isoquinoline (61 mL,
0.50 mmol; 97% purity) was dissolved in diethyl ether (5.0 mL) in a
flame-dried round-bottomed flask and cooled to 0 8C. 2,2,2-Trichloro-
ethyl chloroformate (76 mL, 0.55 mmol, 1.1 equiv; 98% purity) was
added dropwise by syringe, and the resulting white suspension was
warmed to 23 8C, stirred for 30 min, and then cooled to �78 8C (dry
ice/isopropanol bath). Catalyst 1 (26.9 mg, 0.050 mmol, 10 mol%) in
diethyl ether (4.0 mL + 1.0 mL rinse volume) and then 1-(tert-
butyldimethylsilyloxy)-1-isopropoxyethene (216 mg, 1.0 mmol,
2.0 equiv) were added. The reaction mixture was warmed to �70 8C
(isopropanol bath equipped with immersion cooler) and stirred for
14 h. Cooling was stopped and the bath allowed to warm to 23 8C over
3 h. After the solvent was removed in vacuo, the residue was purified
by chromatography on silica gel (0!5% ethyl acetate/hexanes), thus
yielding a colorless oil (161 mg, 0.40 mmol, 80% yield). The
enantiomeric excess was determined to be 86% by SFC using a
commercial chiral stationary phase (Chiralpak OD-H, 5% methanol/
CO2, 5 mLmin�1, 50 8C, 285 nm; tr(minor): 2.23 min, tr(major):
2.66 min); aD �2408 (c= 1.1 g 100 mL�1, CH2Cl2);

1H NMR
(500 MHz, CDCl3): the compound exists as a 1.7:1 mixture of
carbamate rotamers; signals corresponding to the major rotamer: d=
7.26–7.17 (3H, m), 7.10 (1H, d, J= 7.5 Hz), 6.90 (1H, d, J= 7.5 Hz),
5.99 (1H, d, J= 8.0 Hz), 5.84–5.82 (1H, m), 4.97–4.88 (2H, m), 4.78
(1H, d, J= 12.0 Hz), 2.67–2.58 (2H, m), 1.20 (3H, d, J= 6.0 Hz),
1.16 ppm (3H, d, J= 6.5 Hz); representative signals corresponding to
the minor rotamer: d= 6.90 (1H, d, J= 7.5 Hz), 6.04 (1H, d, J=
8.0 Hz), 4.82 (1H, d, J= 11.5 Hz), 2.77 (1H, dd, J= 14.0, 9.0 Hz),
1.11 ppm (3H, d, J= 5.5 Hz); 13C NMR (100 MHz, CDCl3), signals
corresponding to both rotamers: d= 169.6, 169.5, 151.6, 151.2, 131.4,
131.2, 129.9, 129.8, 128.6, 128.5, 127.7, 127.5, 126.7, 126.6, 125.5, 125.3,
124.5, 123.6, 110.7, 110.6, 95.2, 95.2, 75.7, 75.6, 68.4, 68.4, 53.3, 53.1,

40.8, 40.1, 22.0, 22.0, 21.9, 21.9 ppm; IR (neat): ñ= 3063
(w), 2980 (m), 2936 (w), 1728 (s), 1651 (s), 1452 (m), 1262
(m), 1109 (m), 968 cm�1 (w); HRMS (ES): m/z calcd for
[C17H18Cl3NO4+H]+: 406.0380; found: 406.0380.
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Figure 1. Solid-state structure of catalyst 1.

Table 3: Acyl-Mannich reaction of substituted isoquinolines.

Entry R Yield [%][a] ee [%][b]

1 H 80 86
2 3-Me 75 92
3 4-Br 78 91
4 5-Br 77 87
5 5-OTBS 77 83
6 5-NO2 71 71
7 6-OSO2CF3 67 83
8 7-OTBS 86 60

[a] Yield of isolated product after column chromatography. [b] Enantio-
meric excess determined by SFC or HPLC using commercially available
chiral stationary-phase columns.

Scheme 2. Synthesis of an enantioenriched tetrahydroisoquinoline. TFA= trifluoroacetic
acid.
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